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The structure of molten CuCl, CuI and (CuCl)x(CuI)1−x (0 ≤ x ≤ 1) mixtures 
was investigated at the total structure level by using neutron diﬀraction. The 
results are compared with those obtained for CuCl and CuI from other exper­
iments, theory and computer simulation. It is found that existing models of 
CuCl and CuI must ﬁrst be improved before a realistic attempt can be made 
to account for the structure of their mixtures. 
The structure and thermal properties of (R2X3)0.07(Ga2X3)0.33(GeX2)0.60 
glasses, where R denotes a rare earth element and X denotes a chalcogenide 
element S or Se, were studied using a combination isomorphic substitution in 
neutron and x-ray diﬀraction, 71Ga magic angle spinning (MAS) nuclear mag­
netic resonance (NMR) and diﬀerential scanning calorimetry (DSC) methods. 
The results show that Ge and Ga are four-fold coordinated by the chalco­
gen element in these glasses. Diﬀerence function methods were applied to the 
diﬀraction results and for the large rare earth ions provided an R-S coordina­
tion number of 8.1(2) and nearest neighbour R-S bond distance of 3.03(3) A˚ in 
the sulphide glass and an R-Se coordination number of 8.0(2) and R-Se bond 
distance of 3.05(3) A˚ in the selenide glass. For the small rare earth ions in the 
selenide glass a smaller R-Se coordination number of 5.0(2) and R-Se bond 
distance of 2.93(3) A˚ were obtained. 
In situ high pressure neutron diﬀraction experiments were performed on 
GeO2 glass using the Paris-Edinburgh press on the D4C diﬀractometer at the 
Institut Laue-Langevin (ILL), France. An analysis procedure was developed 
to account for the gasket and background scattering at each pressure point 
iii

and improved neutron shielding led to the extraction of high quality total 
structure factors at pressures up to 8 GPa. Experiments were also performed 
using the PEARL instrument at the pulsed neutron source ISIS, UK, where 
improvements were made to the incident neutron beam collimation, pressure 
cell shielding and experimental methods to obtain the correctly normalised 
total structure factors for GeO2 glass at pressures up to 14(1) GPa. The results 
show that Ge is four-fold coordinated by oxygen from ambient pressure to 
5 GPa. A gradual increase in the Ge-O coordination number is then observed, 
reaching 4.9(1) at 9.0(5) GPa and 5.5(1) at 14(1) GPa, which is accompanied 
by an A.increase in the Ge-O bond length from 1.73(2) to 1.81(2) ˚ With 
pressure increasing from ambient, there is a smooth increase in the position and 
decrease in height of the ﬁrst sharp diﬀraction peak which is associated with 
the intermediate range order. The overall results are therefore consistent with 
two densiﬁcation mechanisms, one associated with a collapse of the network 
structure and the other with an increase in the local coordination number and 
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Knowledge of the atomic structure of liquids and glasses is a necessary prereq­
uisite for understanding the physical and chemical properties of these materials 
which are of fundamental scientiﬁc and technological interest. This extensive 
ﬁeld of research and the experimental techniques employed are reviewed in a 
number of textbooks and articles [1–5]. 
Many biological and chemical processes rely on the liquid state and such 
processes ultimately form the basis for the existence of life on earth. Liquids 
are also widely used in modern technology, for example liquid state electrolytes, 
coolants and fuel are all required to run a modern car. Glasses are typically 
formed by quenching a liquid suﬃciently rapidly through its glass transition 
temperature such that the atomic conﬁguration is unable to equilibrate into 
a regular crystalline lattice [1, 2]. The structure of a glass is therefore char­
acteristic of the atomic arrangement of the supercooled liquid that has frozen 
into the solid state. Glasses may be formed naturally, for example obsidian is 
made by volcanic activity and was used by stone age cultures to make tools 
[6, 7]. It is also reputed that a large proportion of interstellar and planetary 
ice exists in the glassy state [8–10]. The production of man-made glass is a 
millennia old industry [11] with widespread modern use from glass windows, 
bottles, optical lenses and mirrors all the way through to optical ﬁbres and 
ampliﬁers vital for optoelectronics and communications technology. 
A complete understanding of the principles that give rise to the thermal 
and physical properties of glassy materials is a challenging problem in the 





Science in 1995 who wrote, 
“The deepest and most interesting unsolved problem in solid state 
theory is probably the theory of the nature of glass and the glass 
transition.”[12] 
Recent interest and debate has focussed on the study of polyamorphism, i.e. 
abrupt and reversible phase transitions in liquids and glasses [13–15]. One of 
the key issues is whether the nature of the transition is ﬁrst order or continuous. 
Recent high proﬁle examples in the polyamorphism debate include the high 
pressure amorphous phases of water ice [16–19], the pressure transformations 
in chalcogenide glass [20], the synthesis of a high pressure amorphous phase of 
carbon dioxide [21], liquid phosphorus at high pressure and temperature [22], 
and yttria aluminate at high temperature [23]. As well as providing insight 
into the processes that occur at high pressure and high temperature conditions 
deep inside planetary interiors the study of polyamorphism may lead to the 
development of new materials with novel properties. 
1.1 Structural probes 
The bulk structure of liquids and glasses can be probed using a number of 
experimental techniques including, but not limited to, diﬀraction by neutrons 
and high energy x-rays, nuclear magnetic resonance (NMR) spectroscopy, to­
gether with extended x-ray absorption ﬁne structure (EXAFS) and vibrational 
spectroscopy (e.g. Raman scattering and infra-red absorption) methods. 
The work in this thesis reports, predominantly, on the results obtained 
from neutron and high energy x-ray diﬀraction experiments. In contrast to 
crystalline materials, the structure of liquids or amorphous solids cannot be 
described in terms of a periodically repeating unit cell and hence they are 
inherently diﬃcult to characterise on the atomic scale due to a lack of long 
range structural order, although basic chemical bonding constraints can lead to 
a high degree of ordering on short or intermediate range length scales. Diﬀrac­





the form of the total pair distribution function G(r) which provides a mea­
sure of the probability of ﬁnding two atoms a distance r apart. However, for 
a system comprising n diﬀerent atomic species G(r) comprises of a weighted 
sum of n(n + 1)/2 overlapping correlations which makes it diﬃcult to unam­
biguously interpret the experimental data. If diﬀraction experiments can be 
performed suﬃciently accurately then methods including isotopic substitution 
in neutron diﬀraction, anomalous x-ray scattering or isomorphic substitution 
in both neutron and x-ray diﬀraction can be employed to extract the partial 
pair distribution functions of the system. Alternatively, the partial pair dis­
tribution functions may be derived by computer simulations, e.g. using the 
reverse Monte Carlo (RMC) method in which experimental data is used to 
constrain a three dimensional model of the system. The need for high accu­
racy and absolute normalisation of the measured intensities makes diﬀraction 
measurements on liquids and glasses particularly challenging requiring spe­
cialised instrumentation and data analysis techniques that involve a variety of 
delicate corrections and careful interpretation. 
1.2 Thesis outline 
The work in this thesis reports on the results of neutron and high energy x-ray 
diﬀraction experiments made on a variety of liquid and glassy systems and is 
organised as follows. 
In chapter 2 the essential theory for neutron and x-ray diﬀraction by liquids 
and amorphous solids is provided. A general overview of advanced neutron and 
synchrotron x-ray sources, the diﬀraction instrumentation employed and the 
data correction procedures required are then detailed in chapter 3. 
In chapter 4 neutron diﬀraction measurements on molten CuCl, CuI and 
(CuCl)x(CuI)1−x (0 ≤ x ≤ 1) mixtures are reported and the results are dis­
cussed by reference to the information that is available on the structure of 
CuCl and CuI from experiment, theory and computer simulation. 




high energy x-ray diﬀraction and 71Ga magic angle spinning (MAS) NMR 
experiments are reported for (R2S3)0.07(Ga2S3)0.33(GeS2)0.60 glass, where R 
denotes the large rare earth elements La, Ce or a 50:50 mixture of the two. 
The method of isomorphic substitution in neutron diﬀraction is used in chapter 
6 to study the structure of (R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60 glass, where R = 
La or Ce, and in chapter 7 the same glass composition, but with the smaller 
rare earth elements R = Y and Ho, is studied by using method of isomorphic 
substitution in x-ray diﬀraction. 
The development of in situ high pressure neutron diﬀraction methods using 
the Paris-Edinburgh press on the D4C diﬀractometer at the Institut Laue-
Langevin (ILL), France, is the subject of chapter 8. High quality diﬀraction 
results for GeO2, an archetypal network glass former, are reported at pressures 
up to 8.0(5) GPa. Developments in the experimental method and data analysis 
strategy for high pressure experiments on the PEARL instrument at the pulsed 
neutron source (ISIS), UK, are discussed in chapter 9. Sintered diamond anvils 
were used in the Paris-Edinburgh press to obtain in situ neutron diﬀraction 
results for GeO2 glass at pressures up to 14(1) GPa. 
Finally, an overall summary of the results and conclusions presented in each 




2. Diﬀraction by liquids and 
amorphous solids 
This chapter provides an introduction to the essential theory for neutron and 
x-ray diﬀraction by liquids and amorphous solids. The formalism employed 
follows that used in the recent review by Fischer et al. [4]. More fundamen­
tal descriptions of the scattering processes involved for liquids and glasses can 
be found in references [24–26] for neutrons and [27–29] for x-rays. A detailed 
description is given in chapter 3 of the instrumentation used, the diﬀraction ex­
periments undertaken and the data treatment required to obtain the functions 
derived in this chapter. 
2.1 Diﬀerential scattering cross section 
Consider the scattering geometry for a diﬀraction experiment shown in ﬁgure 
2.1. A collimated beam of incident quanta (neutrons or x-rays) with ﬂux Φ 
is scattered by a system of scattering centres at the origin of coordinates. All 
quanta scattered in the direction of R are counted, regardless of their ﬁnal 
energy, by a detector of area dS situated at a distance R from the scattering | | 
system and subtending a small solid angle dΩ = dS/R2 . The diﬀerential 
scattering cross-section is deﬁned by 
dσ Number of quanta scattered into solid angle dΩ per second 
= . (2.1)
dΩ ΦdΩ 




CHAPTER 2. DIFFRACTION BY LIQUIDS AND AMORPHOUS SOLIDS

Figure 2.1: The geometry of a diﬀraction experiment where the position of 
the scattering system is at the origin of coordinates and the z-axis adopts the 
direction of the incident wave vector k0. 
Figure 2.2: The scattering triangle relating the wave vectors k 0 and k 1 and 




relation Q = k 0 − k 1, where k 0 and k 1 are the wave vectors of the incident 










where λ0 and λ1 denote the wavelengths of the incident and 
scattered radiation, respectively. If one assumes that the incident energy of 
the radiation is much larger than the excitation energies in the sample, then 
the change in momentum of the quanta following a scattering event is negligible 
dσand hence k1 ≈ k0. In this scenario, known as the static approximation, dΩ is 
dependant upon the elastic scattering vector Q. By applying the cosine rule 
to the scattering triangle shown in ﬁgure 2.2, 
Q2 = k0
2 + k1
2 − 2k0k1 cos(2θ) (2.2) 
and since k1 ≈ k0 it follows that the elastic scattering vector is given by 
4π 
Q = sin(θ). (2.3)
λ 
2.2 Neutron diﬀraction 
The neutron interacts with the target nucleus via the strong interaction. The 
neutron scattering length b, which gives a measure of the scattering power 
of each nucleus, varies erratically between the elements or even isotopes of 
the same element, as plotted in ﬁgure 2.3. For example, there is a large 
scattering length contrast between hydrogen and deuterium where b(1H) = 
−3.7406(11) fm and b(2H) = 6.671(4) fm [30]. In neutron diﬀraction, the dif­
ferential scattering cross section for an isotropic system of N scattering centres 






iQ r ij(Q) = 
�� 
bibj
∗e · , (2.4)
dΩ
i=1 j=1 
where r ij = r i − r j gives the relative position of scattering centres i and 
j, bi is the bound neutron scattering length of atom i and b
∗
i is its complex 
conjugate. The brackets � � denote a thermal average of the atomic positions. 
The averaging denoted by the horizontal bar takes into account the distribution 
7






































CHAPTER 2. DIFFRACTION BY LIQUIDS AND AMORPHOUS SOLIDS

Figure 2.3: The coherent scattering length for x-rays, ref , (where re = 2.818 fm 
is the classical electron radius and f is the x-ray form factor at a ﬁxed scattering 
angle 2θ) and for neutrons, b, as a function of the atomic weight [25]. Note 
the dependence of the scattering length on Q ∝ sin θ/λ for x-rays but not for 
neutrons. The dashed red curve indicates the potential scattering contribution 
for neutrons. 
of bi values over the scattering centre positions, where the scattering length for 
a site depends on the particular isotope occupying that site and on the relative 
orientation of the isotope and neutron spin. 
For a system comprising n diﬀerent atomic species, the diﬀerential scatter­













,α)(1 + Pα(Q)). (2.5)N dΩ
α=1 
Equation 2.5 is composed of two separate terms. The distinct term, given by 







from the interference of waves scattered from diﬀerent atomic sites and hence 
contains the useful structural information. The remaining self term describes 
the isotropic diﬀraction from individual atomic sites, where cα denotes the 
atomic fraction of each chemical species α in the system, bcoh,α is the coherent 
scattering length of chemical species α and binc,α is the incoherent scattering 
length of chemical species α and has contributions from both spin and isotope 
incoherence. In neutron diﬀraction, the static approximation does not entirely 
hold, particularly for light atoms. An inelasticity correction is therefore re­
quired to account for recoil eﬀects, where the Placzek [31] correction denoted 
Pα(Q) is commonly employed. 
Using the Faber-Ziman formalism [32], the total structure factor F (Q) for a 
system of n chemical species is composed of a weighted sum of a set of n(n+1)/2 
partial structure factors Sαβ (Q) which represent the pair correlations between 





cαcβbαbβ [Sαβ(Q) − 1]. (2.6) 
22π rn0 � 
The corresponding real space information is given by the total pair distri­
bution function G(r) which is obtained by the Fourier transform relation 
1 
� ∞





 cαcβbαbβ [gαβ (r) − 1] 
α=1 β=1 
where n0 is the atomic number density of the system. The partial pair distri­

bution function gαβ (r) determines the probability of an atom of type β being 
situated at a distance r from an atom of type α situated at the origin of co­
ordinates and tends to unity at high r values. The Sαβ(Q) and gαβ(r) partial 
pair correlation functions are related by the Fourier transform pair 
4πn0 
� ∞
Sαβ(Q) − 1 = 
Q 0 
r[gαβ (r) − 1]sin(Qr)dr, (2.8) 
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gαβ(r) − 1 = 
2π2rn0 0 
Q[Sαβ(Q) − 1]sin(Qr)dQ. (2.9) 
In practice, the ﬁnite maximum scattering vector Qmax accessible in a diﬀrac­
tion experiment leads to peak broadening and un-physical ‘truncation ripples’ 
in real space after Fourier transformation. This eﬀect can be reduced by apply­
ing a damping function prior to Fourier transformation, for example the Lorch 
[33] modiﬁcation function or a cosine window function. Oscillations present 
below the minimum atomic radius in G(r) are un-physical and result, for ex­
ample, from statistical noise in the reciprocal space data. The un-physical 
low-r features should oscillate about the calculated theoretical G(0) limit of 
the system which is given by 
n n
G(0) = − 
�� 
cαcβbαbβ . (2.10) 
α=1 β=1 
In reciprocal space, the sum-rule relation � ∞ 
F (Q)Q2dQ = 2π2 n0G(0), (2.11) 
0 
derived by Enderby et al. [34] should also be satisﬁed. This relation is obtained 
from equation 2.7 by considering the limit as r 0. → 
The peaks in the real space functions give average distances between pairs 
of atoms in amorphous materials. They also give the partial coordination 
number n¯α
β , i.e. the average number of β atoms in a spherical coordination 
shell of radius r1 ≤ r ≤ r2 centered on an atom of type α. This is obtained 
by integrating over the real space peak of interest in a gαβ(r) partial pair 











2.2.1 Magnetic Diﬀerential Scattering Cross Section 
The neutron has a ﬁnite magnetic dipole moment, γn = −1.913 µN , where the 
nuclear magneton µN = 5.051 10
−27 J T−1 . Hence, neutrons interact with · 
unpaired electrons in magnetic atoms. In magnetic materials, the total neutron 
scattering cross section therefore contains contributions from both nuclear and 







(Q) = (Q) + (Q) . (2.13)
dΩ dΩ	 dΩtotal nuclear magnetic 
If in a diﬀraction experiment only the total nuclear scattering is desired, the 
magnetic contribution must be corrected for. In the case of paramagnetic ions, 
the magnetic scattering can be quantiﬁed using the free ion approximation 





2 1 J(J + 1)g 2 F 2(Q), (2.14)
dΩ	 6 J magnetic 
where cp is the atomic fraction of the paramagnetic ion in the sample, J is the 
total angular momentum quantum number, gJ is the Lande´ splitting factor 
[37], re is the classical radius of an electron and (γnre)
2 = 0.2906 barn. The 
magnetic form factor F (Q) is obtained from the expression 
F 2(Q) =	 �j0(Q)� 2 + C02�j0(Q)��j2(Q)� + C22�j2(Q)� 2 + C24�j2(Q)��j4(Q)� 
+C44�j4(Q)� 2 + C46�j4(Q)��j6(Q)� + C66�j6(Q)� 2 , 
where the radial integrals �ji(Q)� (i = 0, 2, 4 and 6) are given by [38] and the 
coeﬃcients Cij (i = 0, 2, 4 or 6 and j = 2, 4 or 6) are given by [35]. The 
magnetic form factor is similar to the atomic form factor in x-ray scattering 
(see § 2.3). However, since only the unpaired valence electrons of the ion 
contribute to the magnetic scattering of neutrons, the magnetic form factor 
decays more rapidly with increasing Q from the F (0) = 1 limit than the 
atomic form factor. 
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2.2.2 Isotopic substitution in neutron diﬀraction 
As plotted in ﬁgure 2.3, the neutron scattering length b is independent of the 
atomic number and depends on the particular nucleus and the spin state of 
the nucleus-neutron interaction [24]. Isotopes of a particular element therefore 
have diﬀerent scattering lengths. This enables use of the method of isotopic 
substitution in neutron diﬀraction where contrasting diﬀraction patterns can 
be taken for diﬀerent samples that are identical except for the isotopic compo­
sition of one or more of the elements [34]. This changes the weighting factors 
for the partial structure factors Sαβ (Q) in equation 2.6 and allows for their 
separation by combining diﬀerent diﬀraction patterns. Since a sample of n 
chemical species has m = n(n+1)/2 independent partial structure factors, the 
diﬀraction patterns of m samples of diﬀering isotopic composition are required 
for a complete determination of the Sαβ(Q) functions using diﬀerence function 
methods. 
2.2.3 Isomorphic substitution in neutron diﬀraction 
A scattering length contrast between samples of identical composition can also 
be obtained by using the method of isomorphic substitution in neutron diﬀrac­
tion where chemical isomorphs are substituted in place of diﬀerent isotopes of 
the same chemical species. The substituted species must be carefully selected 
such that their chemical nature and atomic radii are as identical as possible. 
As described in chapter 5, adjacent rare earth ions such as La3+ and Ce3+ are 
ideal isomorphs and glass compositions containing substituted rare earth ions 
can be considered to be structurally identical. Speciﬁc correlations involving 
the rare earth ions and/or matrix species can therefore be extracted by using 




2.3 X-ray diﬀraction 
The formalism for x-ray diﬀraction is essentially the same as in the neutron 
diﬀraction case. However, x-rays scatter from spatially extended electron den­
sity distributions (i.e. orbitals and bonds) and the scattering length is therefore 
dependent on the scattering vector Q. The scattering length, or form factor, 
also has a strong dependance on the energy E0 of the incident x-ray photons. 
The scattering length b in x-ray diﬀraction is therefore given by 
b(Q,E0) = ref(Q,E0) = re [Zffalloﬀ (Q) + f
�(E0) + if ��(E0)] , (2.15) 
where re = 2.818 fm is the classical radius of an electron, f(Q,E0) is the atomic 
form factor, Z is the atomic number, ffalloﬀ (Q) is the atomic form factor’s 
modulation varying from 1 (at Q = 0) to 0 (at Q = ∞) and f �(E0) and f ��(E0) 
denote the real and imaginary parts of the anomalous term, respectively. The 
anomalous terms vary in the vicinity of an absorption edge. This variance is 
exploited in anomalous x-ray diﬀraction by changing the incident x-ray energy 
close to an absorption edge to alter the weighting factors of the partial pair 
correlation functions in the diﬀraction patterns taken for a single sample. 
The incident x-ray energies used for diﬀraction are suﬃciently high (on 
the order of keV) that the static approximation is valid for x-ray diﬀrac­
tion. The Placzek [31] inelasticity correction applied in the case of neutron 
diﬀraction is therefore not required. However, additional inelastic scatter­
ing and re-emission processes, including Compton scattering, ﬂuorescence and 
resonant-Raman scattering, do contribute to the total scattering and must be 
suﬃciently corrected for to obtain the Rayleigh-Thomson (Ray-T) diﬀerential 
scattering cross-section pertinent to diﬀraction. At energies far enough from 
an absorption edge these processes, with the exception of Compton scattering, 
are negligible. The anomalous terms of the form factor, and hence their en­
ergy dependance, are also negligible at energies far from an absorption edge. 
The x-ray diﬀerential scattering cross section for a sample of N atoms and n 
chemical species α at an incident x-ray energy far from an absorption edge is 
13



































where cα is the atomic fraction and fα(Q) is the atomic form factor for chemical 
species α, respectively. As for equation 2.5 the distinct term is given by the 
total x-ray structure factor FX (Q), where 
n n
FX (Q) = 
�� 
cαcβfα(Q)fβ(Q)[Sαβ (Q) − 1]. (2.17) 
α=1 β=1 
The remaining self term describes the isotropic diﬀraction from individual sites. 
The total scattering intensity is conventionally denoted by the normalised total 
x-ray structure factor SX (Q) which oscillates about unity at high-Q and is 
given by 
FX (Q)





2.3.1 Isomorphic substitution in x-ray diﬀraction 
As x-rays scatter from electron distributions their scattering power increases 
with atomic number Z. X-rays are therefore not very sensitive to light atoms 
and there is negligible contrast between adjacent elements. The Z-dependence 
can, however, be exploited to obtain a large contrast in the atomic form factor 
and hence change the weighting of the partial structure factors, in the diﬀrac­
tion patterns measured for samples of identical composition but containing 
diﬀerent isomorphic elements. As described in chapter 7, the rare earth ele­
ments Y(Z = 39) and Ho(Z = 67) are ideal isomorphs which form glasses that 
are structurally identical. However, due to the large diﬀerence in their atomic 
number, the rare earth sites exhibit a large contrast in x-ray scattering power. 
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The same diﬀerence function methods can be applied as in neutron diﬀraction 
(see § 2.4) but the Q-dependance of the form factors must be considered when 
Fourier transforming into real space. The anomalous terms of the form factor 
must also be considered at energies close to an absorption edge. The isomor­
phic substitution method therefore has an advantage over the anomalous x-ray 
diﬀraction (AXD) method as the form factor contrast is typically much higher 
than in AXD and the incident x-ray energy is not limited to a speciﬁc energy 
around an absorption edge and hence high energy x-rays can be used to re­
duce attenuation eﬀects and to give a large maximum scattering vector Qmax 
for good resolution in real space. 
2.4	 Diﬀerence function methods for 
multi-component glasses 
As given in equation 2.6, the total structure factor F (Q) for a system of n 
chemical species is composed of a weighted sum of a set of m = n(n + 1)/2 
partial structure factors Sαβ(Q) such that 
n n
F (Q) = 
�� 
cαcβbαbβ [Sαβ(Q) − 1], (2.19) 
α=1 β=1 
where cα and bα denote the atomic fraction and scattering length of chemical 
species α, respectively. The complete set of Sαβ(Q) can therefore be obtained 
by measuring the diﬀraction patterns for m samples of diﬀering isotopic or iso­
morphic composition. For a binary system only three samples are required to 
extract the full set of partial structure factors using diﬀerence function meth­
ods. However, many glassy materials of technological and scientiﬁc interest are 
complex systems involving many atomic species and it becomes unfeasible to be 
able to extract the full set of Sαβ (Q). Nevertheless, if diﬀraction patterns are 
taken for a number of samples of diﬀering isotopic or isomorphic composition, 
then diﬀerence function methods can be used to identify speciﬁc correlations 
15
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of interest. The following diﬀerence function methods are more pertinent to 
multi-component systems measured using neutron diﬀraction. However, they 
may also be applied to x-ray diﬀraction, although complications arise from the 
Q-dependence of the x-ray form factors, as dealt with in chapter 7. 
2.4.1 First order diﬀerence functions 
Consider that the F (Q) functions have been measured for three separate sam­
ples of a four component rare earth glass system that are identical in every 
respect except for the neutron scattering length of the rare earth species. Let 
the matrix species be denoted by α, β and γ (e.g. Ge, Ga and S) and let R, 
R� or R�� represent rare earth isotopes or isomorphs with neutron scattering 
lengths bR > bR� > bR�� . The corresponding total structure factors, denoted by 
RF (Q), R
� 
F (Q), and R
�� 
F (Q), are given by 
RF (Q) 2 α
2 
α [Sαα(Q) − 1] + c 2 βb







γ [Sγγ (Q) − 1] + cRbR [SRR(Q) − 1] 
+ 2cαcβ bαbβ [Sαβ (Q) − 1] + 2cαcγ bαbγ [Sαγ (Q) − 1] 
+ 2cαcRbαbR [SRα(Q) − 1] + 2cβcγ bβbγ [Sβγ (Q) − 1] 
+ 2cβcRbβ bR [SRβ(Q) − 1] + 2cγ cRbγ bR [SRγ (Q) − 1] , 
+ c





α [Sαα(Q) − 1] + cβbβ [Sββ (Q) − 1] 








+ 2cαcβ bαbβ [Sαβ(Q) − 1] + 2cαcγ bαbγ [Sαγ (Q) − 1] 
+ 2cαcRbαbR� [SRα(Q) − 1] + 2cβcγ bβbγ [Sβγ (Q) − 1] 
+ 2cβcRbβ bR� [SRβ (Q) − 1] + 2cγ cRbγ bR� [SRγ (Q) − 1] , 
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2 2 2 2R�� F (Q) = cαb
α [Sαα(Q) − 1] + cβb
β [Sββ (Q) − 1] (2.22) 
γ [Sγγ (Q) − 1] + cRbR�� [SRR(Q) − 1]2 
2 b b [S (Q) 1] + 2 b b [S (Q) 1]+ − −c c c cα β α β αβ α γ α γ αγ 
2 b b [S (Q) 1] + 2 b b [S (Q) 1]+ − −c c c c��α R α R Rα β γ β γ βγ 
2 b b [S (Q) 1] + 2 b b [S (Q) 1]+ − −c c c c .�� ��β R β R Rβ γ R γ R Rγ 
The matrix correlations equally weighted in all samples. However, the are 
correlations involving the rare earth species are weighted diﬀerently in each 
sample. Hence, the correlations involving only matrix species can be elimi-
nated by subtracting two total structure factors leaving only those correlations 
involving rare earth ions. The ﬁrst order diﬀerence functions thus obtained, 
(i)
denoted by ΔF (Q) (i = 1 2 3), are given by , ,R 








[SRR(Q) − 1] + 2cαcRbα (bR − bR�� ) [SRα(Q) − 1]2 R 2 = c
 R�� 
+ 2cβcRbβ (bR − bR�� ) [SRβ(Q) − 1] + 2cγ cRbγ (bR − bR�� ) [SRγ (Q) − 1] , 
ΔF 
(2)
(Q) = RF (Q) − R� F (Q) (2.24)R � 
[SRR(Q) − 1] + 2cαcRbα (bR − bR� ) [SRα(Q) − 1]2 = cR 
�
bR − bR� 2 2 





F (Q) − R�� F (Q) (2.25)R 
2 = cR 
�
bR� − bR�� 
� 
[SRR(Q) − 1] + 2cαcRbα (bR� − bR�� ) [SRα(Q) − 1]2 2 
+ 2cβcRbβ (bR� − bR�� ) [SRβ(Q) − 1] + 2cγ cRbγ (bR� − bR�� ) [SRγ (Q) − 1] . 
2.4.2 Total minus weighted diﬀerence function 
Since the components in the F (Q) functions involving only matrix species 
are identical, they can be grouped into the matrix-matrix diﬀerence functions 
17 
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given by 
Δ(1) Δ(2)(Q) ≡ Δ(3)(Q) (Q) (2.26)µµ µµ µµ≡ 
= c 2 αb
2 
α [Sαα(Q) − 1] + c 2 βb2 β [Sββ (Q) − 1] 
+ c 2 b2 [Sγγ (Q) − 1] + 2cαcβbαbβ [Sαβ (Q) − 1]γ γ 
+ +2cαcγ bαbγ [Sαγ (Q) − 1] + 2cβ cγ bβ bγ [Sβγ (Q) − 1] . 
The components in the ﬁrst order diﬀerence functions involving only those cor­
relations between the rare earth species and matrix atoms can also be grouped 
into the rare earth-matrix diﬀerence functions given by 
Δ
(1) 
(Q) = 2cαcRbα (bR − bR�� ) [SRα(Q) − 1] (2.27)Rµ
+ 2cβcRbβ (bR − bR�� ) [SRβ(Q) − 1] 
+ 2cγ cRbγ (bR − bR�� ) [SRγ (Q) − 1] , 
Δ
(2) 
(Q) = 2cαcRbα (bR − bR� ) [SRα(Q) − 1] (2.28)Rµ
+ 2cβcRbβ (bR − bR� ) [SRβ(Q) − 1] 
+ 2cγ cRbγ (bR − bR� ) [SRγ (Q) − 1] , 
Δ
(3) 
(Q) = 2cαcRbα (bR� − bR�� ) [SRα(Q) − 1] (2.29)Rµ
+ 2cβcRbβ (bR� − bR�� ) [SRβ(Q) − 1] 
+ 2cγ cRbγ (bR� − bR�� ) [SRγ (Q) − 1] . 
The ﬁrst order diﬀerence functions given in equations 2.23 to 2.25 may there­
fore be re-written in terms of the rare earth-matrix diﬀerence functions such 
that 




[SRR(Q) − 1] , (2.30)R Rµ R − b2 R R�� 
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[SRR(Q) − 1] , (2.31)R R�R Rµ R − b2 




[SRR(Q) − 1] . (2.32)R Rµ R R� − b2 R�� 
The total structure factors given in equations 2.20 to 2.22 may then be written 
in terms of the matrix-matrix and rare earth-matrix diﬀerence functions such 
that 




(Q) + c 2 b2 [SRR(Q) − 1] , (2.33)µµ Rµ R RbR − bR�� 




(Q) + c 2 b2 (2.34)µµ bR − bR� Rµ R R� [SRR(Q) − 1] , 
R�� F (Q) Δ(3) 
bR� (3) 2 b2 = (Q) + ΔRµ(Q) + c R�� [SRR(Q) − 1] . (2.35)µµ RbR� − bR�� 
The rare earth-matrix correlations are therefore eliminated by subtracting a 
weighted ﬁrst order diﬀerence function from a total structure factor to leave 
only the matrix-matrix and rare earth-rare earth correlations. The so called 
“total minus weighted diﬀerence functions” are thus determined by 
ΔF (1)(Q) = RF (Q) − bR ΔF (1)(Q) (2.36)
bR − bR�� R 
= Δ(1) 2 µµ (Q) − cRbRbR�� [SRR(Q) − 1] , 
ΔF (2)(Q) = RF (Q) − bR ΔF (2)(Q) (2.37)
bR − bR� R 
= Δ(2) 2 bRbR� [SRR(Q) − 1] ,µµ (Q) − cR
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ΔF (3)(Q) =	 R
� 









Δ(3) 2 = µµ (Q) − cRbR� bR�� [SRR(Q) − 1] . 
The total minus weighted diﬀerence functions may also be expressed in terms 
of the total structure factors only, as given by 
ΔF (1)(Q) = 
bR
R�� F (Q) − bR�� RF (Q) 
, (2.39)
bR − bR�� 
ΔF (2)(Q) = 
bR
R� F (Q) − bR� RF (Q) 
, (2.40)
bR − bR� 
ΔF (3)(Q) = 
bR� 
R�� F (Q) − bR�� R� F (Q) 
. (2.41)
bR� − bR�� 
The total minus weighted diﬀerence functions are particularly useful if only 
two structure factors are measured. 
2.4.3 Second order diﬀerence functions 
If three total structure factors are measured, the method of diﬀerences may 
be extended to obtain the second order or double diﬀerence function which 
represents the rare earth-rare earth partial structure factor SRR(Q). Using the 
ﬁrst order diﬀerence functions we ﬁnd 
(bR − bR� )ΔFR (1)(Q) − (bR − bR�� )ΔFR (2)(Q)SRR(Q) =	 (2.42) 
c2 [(b2 )(bR − bR� ) − (b2 R R − b2	 R − b2 R� )(bR − bR�� )] 
− 1. 
R�� 
Expressing in terms of the total structure factors RF (Q), R
� 
F (Q) and R
�� 
F (Q) �
(1 − γ)RF (Q)� −R� F (Q) + γR�� F (Q)
SRR(Q) = 
c2 γ(1 − γ)a2 − 1, (2.43) R
where the weighting factors γ = 
bR−bR� and a = bR − bR�� .bR−bR�� 
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With the extraction of SRR(Q) from the F (Q) functions, it is possible to 
determine the matrix-matrix diﬀerence functions from equations 2.36 to 2.38 
by using 
Δ(1) 2 µµ (Q) = ΔF 
(1)(Q) + cRbRbR�� [SRR(Q) − 1] , (2.44) 
Δ(2) 2(Q) = ΔF (2)(Q) + c bRbR� [SRR(Q) − 1] , (2.45)µµ R
Δ(3)(Q) = ΔF (3)(Q) + c 2 (2.46)µµ RbR� bR�� [SRR(Q) − 1] . 
Similarly, the rare earth-matrix diﬀerence functions can be determined from 
equations 2.30 to 2.32 by using 
(1) (1) 2Δ (Q) = ΔF 
�
b2 (2.47)Rµ R (Q) − cR R − b2 
� 
[SRR(Q) − 1]R�� 
(2) (2) 2ΔRµ(Q) = ΔFR (Q) − cR 
�
bR 
2 − b2 � [SRR(Q) − 1] (2.48)R� 









3. Diﬀraction instrumentation 
and data treatment 
Neutrons and x-rays are valuable tools for the investigation of condensed mat­
ter. Neutrons and high energy x-rays have wavelengths comparable to atomic 
spacings, enabling the use of diﬀraction methods, discussed in chapter 2, to 
obtain information on atomic structure. As a neutral subatomic particle, the 
neutron has a large penetration depth and typically interacts only with atomic 
nuclei. However, due to its non-zero magnetic moment, the neutron does scat­
ter from unpaired electrons in magnetic ions via a dipole-dipole interaction. 
High frequency photons, or x-rays, interact with the electronic distributions 
of atoms. High energy x-rays are required to overcome the relatively short 
penetration depth of x-rays in matter. Complementary information can be 
obtained by combining the two diﬀraction methods as the scattering sensitiv­
ity of neutrons is diﬀerent to that of x-rays. 
3.1 Neutron sources 
Thermal neutrons, with wavelengths of the order of atomic spacings, are typi­
cally used in diﬀraction experiments. The wavelength λn of a neutron is given 
by the de Broglie equation 
h 
λn = , (3.1) 
mnvn 
where mn = 1.675 · 10−27 kg is the neutron mass, h = 6.626 · 10−34 J s is 
the Planck constant and vn is the neutron velocity (for thermal neutrons the 
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standard velocity vn = 2.20 km s
−1). The energy En of a neutron is given by 
its kinetic energy 
1 2En = mnvn (3.2)2 
which, expressed in terms of the neutron wavelength, is given by 
h2 
En = . (3.3)
2mnλn 
2 
If the neutron energy is in units of meV and the wavelength is in units of A˚ 
then 
81.81 





The high energy neutrons produced by most neutron sources are slowed to ther­
mal energies by using a suitable moderator material. The neutrons lose energy 
by scattering with the nuclei in the moderator and emerge with a Maxwell 
Boltzmann distribution of velocities, where the peak velocity is dependent on 
the temperature of the moderator. 
3.1.1 Fission neutron sources 
Research nuclear reactors, for example the Institut Laue-Langevin (ILL) in 
Grenoble, France, produce neutrons n and energy E as a bi-product of the 
nuclear ﬁssion of 235U, where a typical reaction is given by 
n + 235U 141Ba + 92K+ 3n + E. (3.5)→ 
The neutrons are transported from the source to the various instruments via a 
moderator using neutron guides, often by total internal reﬂection along nickel 
plated tubes, and collimated using neutron absorbers. 
A typical layout for a diﬀraction experiment at a reactor source is shown 
in ﬁgure 3.1. The moderator produces a steady ﬂux of incident neutrons 
covering a wide range of wavelengths. It is therefore necessary to use a sin­





wavelength λn. As derived in chapter 2, the scattering vector Q for neutrons 
scattered by a sample is given by Q = k 0 − k 1 where, for elastic scattering, 
|k 0| = |k 1| = 2π/λn such that 
4π 
Q = sin(θ). (3.6)
λn 
Thus, a neutron diﬀractometer at a steady state neutron source measures the 
diﬀerential scattering cross section of a sample as a function of Q by scanning 
the detectors through various scattering angles 2θ. 
Figure 3.1: Schematic of a typical diﬀraction experiment at a reactor neutron 
source with neutrons of incident wave vector k0 and scattered wave vector k1. 
3.1.2 Spallation neutron sources 
High intensity neutrons may also be produced by the spallation process, for 
example at the ISIS pulsed neutron facility, Didcot UK. At ISIS an ion source 
produces H− ions which are accelerated to high energy using a linear accelerator 
and injected into a synchrotron. The H− beam is stripped of its electrons by 
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a 0.3 µm thick aluminium oxide stripping foil. The resulting protons are 
accumulated in the synchrotron and accelerated, making ≈ 10, 000 orbits of 
the synchrotron, before being kicked into the proton beamline, ﬁring 4 µC 
of protons in 100 ns long pulses at a tungsten target with a repetition rate 
of 50 Hz. The resulting spallation interaction between the proton and target 
nucleus produces neutrons. Muons are also produced at ISIS employing a 
secondary carbon target. The muon target uses 2 − 3 % of the proton beam 
which has a mean current of 200 µA. 
Figure 3.2: Schematic of a typical diﬀraction experiment at a spallation neu­
tron source with neutrons of incident wave vector k0 and scattered wave vector 
k1, where the neutron wavelength is calculated from the time of ﬂight over the 
distances L0 and L1. 
The neutrons are moderated to thermal wavelengths and transported via 
neutron guides to the instrument beamlines. The time of ﬂight technique, 
illustrated in ﬁgure 3.2, is used to determine the wavelength of the scattered 
neutrons for each pulse. If the time of ﬂight t from the moderator to the 
detector is known, then the wavelength is calculated by using the relation 
ht 
λn = , (3.7) 
mn (L0 + L1)
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where mn is the neutron mass, L0 is the incident path length and L1 is the 
scattered path length. Thus, a neutron diﬀractometer at a spallation neutron 
source measures the diﬀerential scattering cross section of a sample as a func­
tion of Q by keeping the detectors at ﬁxed scattering angles 2θ and varying 
the incident neutron wavelength λn. 
3.2 Neutron diﬀraction instrumentation 
3.2.1 D4C 
Figure 3.3: The D4C diﬀractometer layout [39]. 
The D4C instrument at the ILL (see ﬁgure 3.3) is a high precision diﬀrac­
tometer optimised for structural investigations of disordered materials [39]. 
The beamline employs high ﬂux neutrons moderated to short wavelengths us­
ing a graphite moderator at 2400 K [40]. Incident neutrons can be monochro­
mated to a wavelength of 0.35 ˚ A or 0.7 ˚A, 0.5 ˚ A using the (331), (220) or 
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(200) lateral faces of Cu monocrystals. The incident neutron ﬂux is monitored 
by a low eﬃciency counter and the beam is collimated by a 4-slit diaphragm 
arrangement producing a trapezoidal neutron beam incident at the sample 
position which is situated within an evacuated belljar. The diﬀractometer 
consists of 9 microstrip 3He gas detectors in the conﬁguration shown in ﬁgure 
3.3 providing a very high counting rate stability. The diﬀractometer accesses 
a scattering angle 1.5 ◦ ≤ 2θ ≤ 137 ◦ and the entire detector ensemble rotates 





wavelengths are thus 0.5 ≤ Q (˚ ) ≤ 33 at 0.35 ˚ ) ≤ 23 at A, 0.3 ≤ Q (˚
0.5 ˚ A
−1 
A. The D4C instrument accommodates A and 0.2 ≤ Q (˚ ) ≤ 17 at 0.7 ˚
both low and high temperature sample environments and the ﬁrst high pres­
sure experiments made by installing a Paris-Edinburgh press on D4C are the 
subject of chapter 8. 
3.2.2 SANDALS 
The Small Angle Neutron Diﬀractometer for Amorphous and Liquid Samples 
(SANDALS) at the ISIS facility, illustrated in ﬁgure 3.4, enables measurement 
of the structure factors for disordered materials over a wide scattering vector 
A
−1 
range of 0.1 ≤ Q (˚ ) ≤ 50 [41]. The instrument was designed to minimise 
inelasticity corrections through small angle detection of high energy neutrons 
[4]. Neutrons are moderated by a liquid methane moderator at 110 K and 
have an incident ﬂight path L0 = 11 m. A boron carbide collimator deﬁnes a 
circular beam of neutrons of maximum diameter 32 mm at the sample position. 
At the time the SANDALS experiments described in chapter 4 were performed 
there were 1180 6Li ZnS detectors installed, arranged in 18 detector groups, 
as listed in table 3.1, providing continuous angular coverage from 3.8 ◦ to 39 ◦ 
with a ﬁnal ﬂight path range of 0.75 ≤ L1 (m) ≤ 4.0. In 2005 the instrument 
was upgraded to improve detector stability. 
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Figure 3.4: The SANDALS diﬀractometer [41]. 
Table 3.1: SANDALS detector groups 
Group Scattering Angle 2θ (◦) Group Scattering Angle 2θ (◦) 
1 20.1 10 3.8 
2 18.1 11 31.2 
3 16.2 12 27.8 
4 14.6 13 24.4 
5 13.1 14 21.7 
6 11.8 15 36.5 
7 9.5 16 33.6 
8 7.0 17 31.2 
9 5.0 18 29.5 
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3.2.3 GEM 
The GEM diﬀractometer at the ISIS facility, illustrated in ﬁgure 3.5, contains 
7270 6Li ZnS detector elements in 8 detector banks giving a wide range of 
accessible scattering vectors of 0.15 Q (˚ ) 50, which leads to the ≤ A−1 ≤ 
good resolution in real space that is ideal for studying amorphous materials. 
Neutrons are moderated by a liquid methane moderator at a temperature of 
110 K and have an incident ﬂight path L0 = 17 m. The dimensions of the 
incident neutron beam are accurately deﬁned by boron carbide collimators 
and the neutrons have a range of ﬁnal ﬂight paths to the extensive detector 
array of 1.077 ≤ L1 (m) ≤ 2.767. 
Figure 3.5: The General Materials (GEM) Diﬀractometer at ISIS [42]. 
3.2.4 GLAD 
The Glass, Liquid and Amorphous Materials Diﬀractometer (GLAD) at the 
now decommissioned Intense Pulsed Neutron Source (IPNS) at the Argonne 
National Laboratory (ANL), Illinois, USA, was a time of ﬂight diﬀractometer 
optimised to measure the total structure factor of amorphous materials over 
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a wide scattering vector Q range. Special emphasis was placed on the use 
of short-wavelength neutrons scattered at low scattering angles to reduce the 
corrections for absorption and inelasticity eﬀects. Neutrons were moderated by 
a 28 K solid methane moderator and had an incident ﬂight path of 10.5 m. A 
total of 235 3He linear position sensitive detectors spanning a nearly continuous 
range of −47 ◦ ≤ 2θ ≤ 125 ◦ (grouped into 7 detector banks and 19 detector 
A
−1 
groups) provided a wide scattering vector range of 0.2 ≤ Q (˚ ) ≤ 45 with 
a nominal ﬁnal ﬂight path L1 = 1.5 m. The instrument layout and angular 
range of each detector bank is shown ﬁgure 3.6. In addition to a 9 sample room 
temperature sample changer (RTSC) the GLAD instrument accommodated 
several other sample environments including a cryostat and high pressure cell. 
Figure 3.6: The GLAD diﬀractometer layout [43]. (a) Top view of the GLAD 
instrument. (b) Angular ranges of the detector banks. 
3.2.5 PEARL 
The PEARL high pressure (HiPr) instrument at the ISIS facility, illustrated 
in ﬁgure 3.7, is a medium resolution high-ﬂux diﬀractometer optimised for 
data collection using the Paris-Edinburgh pressure cell, described in § 3.3, in 
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transverse (through anvil) scattering geometry. The main detector bank, con­
sisting of nine detector modules each with 120 6Li ZnS scintillator detector 
elements, covers 83 ≤ 2θ◦ ≤ 97 and provides a scattering vector range of 
A
−1 
1.55 ≤ Q (˚ ) ≤ 19.6. The instrument gives good resolution in d-space and 
hence it is used extensively for crystallography. However, the restricted low-Q 
accessibility introduces limitations for studying amorphous materials. Addi­
tional detectors are available, covering 20 ≤ 2θ◦ ≤ 60 and 100 ≤ 2θ◦ ≤ 160 and 
should therefore allow access to a much wider scattering vector range. How­
ever, when mounting the Paris-Edinburgh cell in transverse geometry, these 
additional detector banks are shielded by the press assembly. Neutrons are 
moderated by a liquid methane moderator at a temperature of 110 K and 
have an incident ﬂight path of L0 = 12.6 m. The ﬁnal ﬂight path L1 = 0.6 m 
to all detectors. 
Figure 3.7: The PEARL high pressure (HiPr) diﬀractometer at ISIS [44]. 
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3.3 The Paris-Edinburgh press 
To study the behaviour of materials at extreme pressure, as experienced in 
planetary interiors, x-ray and spectroscopy methods are typically employed 
using single crystal diamond anvil cells (DACs) at pressures up to ≈ 400 GPa 
[46–48]. In contrast, neutron diﬀraction methods have been restricted to much 
lower pressures. This is, in part, due to the relatively low ﬂux of neutron 
sources; the sample volume of a DAC is typically too small for neutron diﬀrac­
tion experiments which require a much larger sample volume by comparison 
with x-ray diﬀraction. However, with the recent development of a novel high 
pressure cell, the Paris-Edinburgh press, in situ neutron diﬀraction experi­
ments can be performed at pressures up to 30 GPa [49, 50]. 
The diﬀerent variants of the Paris-Edinburgh press are illustrated in ﬁgure 
3.8. The V type press has four support pillars and the VX type has only two 
support pillars, helping to avoid unwanted scattering of the beam diﬀracted 
by the sample. The sample is encapsulated in a gasket made from a Ti-Zr 
null scattering alloy with a mean coherent neutron scattering length of zero 
and compressed between two opposed anvils. The standard Los Alamos type 
anvil assembly is illustrated in ﬁgure 3.9 (a). The die is formed by spark 
erosion of either tungsten carbide, cubic boron nitride or sintered diamond, 
with a hemispherical sample chamber and a toroidal groove for the Ti-Zr gas­
ket. The toroidal groove provides (i) inward radial support for the gasket as 
it is compressed, (ii) separation of the central part of the anvil, which is un­
der the most stress, from the edges thus allowing a more favourable pressure 
distribution and (iii) a reservoir for the gasket material to smooth out pres­
sure variations that occur during phase transitions and heating [51]. The die 
is held in a tungsten carbide seat supported by a steel binding ring creating 
a radial compression of 1.0 GPa [49]. The anvils have a bevel angle of 7 ◦ 
giving a total accessible aperture of 14 ◦. Cubic boron nitride (BN) anvils 
with this geometry are capable of pressures up to 9 GPa. Sintered diamond 
anvils can achieve 15 GPa. Even higher pressures are capable by reducing 
the volume of the sample chamber and having two concentric grooves cut for 
33

CHAPTER 3. DIFFRACTION INSTRUMENTATION AND DATA 
TREATMENT 




3.3. THE PARIS-EDINBURGH PRESS

(a) Single toroid anvil 
(b) Double toroid anvil 
Figure 3.9: Single toroid and double toroid anvils. The 3D models were created 
following the drawings supplied by Klotz [45]. 
a double toroid gasket, as illustrated in ﬁgure 3.9 (b). Further development 
of the Paris-Edinburgh press and sintered diamond anvils should see neutron 
diﬀraction experiments at pressures much higher than 30 GPa becoming rou­
tine in the near future, bringing neutron diﬀraction into a pressure domain 
commonly obtained with DACs and providing complementary measurements 
to high pressure x-ray diﬀraction [19]. 
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3.4 Synchrotron x-ray sources 
In a third generation synchrotron radiation facility, for example the Advanced 
Photon Source (APS) at the Argonne National Laboratory (ANL), Illinois, 
USA illustrated in ﬁgure 3.10, electrons are accelerated using a linear accel­
erator (LINAC) and booster ring prior to injection into a main storage ring. 
Here powerful bending magnets and insertion devices force the high energy 
electrons to follow a curved trajectory and synchrotron radiation is emitted 
tangentially to this path. X-ray optics are used to produce intense focussed 
beams of high energy x-rays at the experimental beamlines where single x-ray 
wavelengths can be selected by using a monochromator. 
Figure 3.10: The Advanced Photon Source (APS) at the Argonne National 
Laboratory (ANL), Illinois, USA [52]. 
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3.5 X-ray diﬀraction instrumentation 
3.5.1 11-ID-C 
The 11-ID-C beamline at the Basic Energy Sciences Synchrotron Radiation 
Center (BESSRC) at the APS provides a high ﬂux high energy x-ray beam 
of photons with energy of 60, 98 or 115 keV with a large penetration depth 
in bulk samples. The diﬀractometer on this beamline enables access to a 
large maximum scattering vector Qmax 45 ˚ giving the good resolution ≥ A−1 
in real space that is required for studying amorphous materials. A typical 
experimental set-up using a Ge point detector at 11-ID-C is shown in ﬁgure 
3.11, where only the sample and detector towers are needed to measure the 
total scattering from an amorphous sample. 
Figure 3.11: The experimental set up at the 11-ID-C beamline [53]. 
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3.5.2 ID15B 
The high energy x-ray beamline ID15B (see ﬁgure 3.12) at the European Syn­
chrotron Radiation Facility (ESRF) in Grenoble, France, oﬀers a high ﬂux of 
highly collimated photons in the energy range 40 keV to 300 keV. The beam-
line uses a two-dimensional MAR345 image plate detector with 2300 x 2300 
pixels each with a pixel size of 0.15 µm. A 2 mm aluminium ﬁlter is placed in 
front of the detector to avoid ﬂuorescence from samples. 
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3.6 Neutron diﬀraction data treatment 
The following data treatment and correction procedures are more pertinent 
for diﬀraction data that are obtained by using a single wavelength of incident 
neutrons. For time of ﬂight data the corrections must be performed for each 
neutron wavelength at each scattering angle before merging the data from 
individual detectors. In the notation that follows, the subscripts S, C, V and 
H are used to denote the sample, container, vanadium and heater, respectively. 
The superscripts E and B denote the experimental intensities not corrected 
for background scattering and the background intensities, respectively. 
3.6.1 Sample environment, container and background 
dσTo extract the diﬀerential scattering cross section 
dΩ 
(Q) from the scattered 
intensity obtained in a neutron diﬀraction experiment on an amorphous sam­
ple it is necessary to ﬁrst normalise the measured intensities to the incident 
neutron monitor count and then correct for the scattered intensity arising from 
the sample container, the sample environment (e.g. furnace, cryostat) and the 
intrinsic instrument background (arising from neutrons and electronic noise). 
Therefore, separate diﬀraction patterns need to be measured for the sample in 
its container in the sample environment, the empty container in the sample en­
vironment, the empty sample environment and the empty instrument. In the 
data analysis procedure an account must be made of the beam attenuation 
(from absorption and scattering) and multiple scattering events originating 
from the sample environment, sample container and the sample itself. The 
sample container is typically made from a thin walled can of mainly incoher­
ent scattering material such as vanadium or null scattering Ti-Zr alloy. 
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3.6.2	 Attenuation, multiple scattering and Placzek cor­
rections 
Consider ﬁrst a single component sample with cylindrical geometry and no 
container or heater. In a real experiment, absorption or scattering events will 
lead to an attenuation of the overall sample scattered intensity. An attenuation 
factor is therefore applied to the measured diﬀraction intensity, as calculated 
using the method of Paalman and Pings [54] for a sample with cylindrical 
geometry. The attenuation coeﬃcient is dependent on the scattering angle and 
is denoted by Ai,j (θ) to represent neutrons that are scattered in medium i and 
attenuated in medium j. The neutrons may also undergo multiple scattering 
events prior to detection which must be corrected for and if the energy exchange 
between a neutron and target nucleus is not small by comparison to the incident 
neutron energy then a deviation from the static approximation necessitates 
the application of the Placzek [31] (inelasticity) correction. The background 
corrected intensity for the sample is given by 
IS
� (θ) = IS
E (θ) − ISB (θ) 
= AS,S(θ)IS (θ) + a(θ)MS (θ), (3.8) 
where a(θ) is the diﬀractometer calibration factor and MS (θ) denotes the mul­
tiple scattering cross section deﬁned by Soper and Egelstaﬀ [55]. The single 
scattered intensity for the sample IS (θ) is given by � 
dσ 
�




b2	 coh + binc
2 )(1 + PS (θ))
� 
,coh[S(Q) − 1] + (b2	 (3.9) 
where NS is the number of sample scattering centres in the beam, S(Q) is the 
structure factor for the sample, bcoh and binc are the coherent and incoherent 
scattering lengths of the sample, respectively, and PS (θ) is the Placzek [31] 
correction factor for the sample. The multiple scattering cross section for the 
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sample, MS (θ), is given by 
σS
MS (θ) = NS AS,S (θ) ΔS (θ)(1 + PS (θ)), (3.10)
4π 




is the total scattering cross section for the sample. 
3.6.3 Vanadium normalisation 
The diﬀracted intensity for a sample can be normalised to an absolute cross-
section by comparison with the measured intensity of a calibrant of known 
scattering cross-section. Vanadium is an ideal standard as it behaves as an 
isotropic elastic scatterer of thermal neutrons [56] and its coherent scattering 
length bV,coh = −0.03824(12) fm [30] is very small such that the scattering 
is mostly incoherent. The diﬀraction pattern for a solid piece of vanadium 
of comparable dimensions to the sample is thus typically used to normalise 
neutron diﬀraction data. Equation 3.8 gives the background corrected intensity 
for a vanadium rod, normalised to the monitor counts, as 
IV
� (θ) = IV
E (θ) − IVB (θ) 
= AV,V (θ)IV (θ) + a(θ)MV (θ). (3.11) 
The single scattered intensity for the vanadium IV (θ) is given by � 
dσ 
�








where σV = 4πb
2 
inc is the vanadium total scattering cross section. The multiple 
scattering cross section MV (θ) is given by 
σV
MV (θ) = NV AV,V (θ) ΔV (θ)(1 + PV (θ)). (3.13)
4π 
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� (θ) = a(θ) 
�




= a(θ)AV,V (θ)NV (1 + ΔV (θ))(1 + PV (θ)). (3.14)
4π 
By rearranging equation 3.14, the normalisation factor a(θ) is given by 
IV
� (θ)4π 
a(θ) = . (3.15)
AV,V (θ)NV σV (1 + ΔV (θ))(1 + PV (θ)) 
In practice, the vanadium diﬀraction pattern does contain some coherent scat­
tering contributions giving rise to the appearance of small Bragg peaks which 
must be removed by smoothing routines. 
3.6.4 Corrections for a sample in a container in a heater 
In general diﬀraction patterns are taken for a sample which is placed within a 
container in a speciﬁc sample environment such as a heater or a cryostat. The 
background corrected intensities, normalised to the monitor counts, for the 
sample in a container in a heater I � (θ), the empty container in the heater SCH 
I � (θ) and the empty heater IH (θ) are given by CH 
�
I � = IE SCH (θ)SCH (θ) SCH (θ) − IB 
= AS,SCH (θ)IS (θ) + AC,SCH (θ)IC (θ) + AH,SCH (θ)IH (θ) + a(θ)MSCH (θ), 
(3.16) 
I (θ) = IE (θ) − IB (θ)CH � CH CH 
= AC,CH (θ)IC (θ) + AH,CH (θ)IH (θ) + a(θ)MCH (θ), (3.17) 
I � (θ) = H H (θ)H I
E (θ) − IB 
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where MSCH (θ), MCH (θ) and MH (θ) denote the multiple scattering cross-
sections. Re-arranging for the single scattered intensities IS (θ), IC (θ) and 
IH (θ) we ﬁnd 
1 
IS (θ) = [I
�
AS,SCH (θ) 
SCH (θ) − a(θ)MSCH (θ) − AC,SCH (θ)IC (θ) − AH,SCH (θ)IH (θ)] , 
(3.19) 
1 
IC (θ) = [I
� (3.20)
AC,CH (θ) 
CH (θ) − a(θ)MCH (θ) − AH,CH (θ)IH ] , 
1 
IH (θ) = [I
� (θ) − a(θ)MH (θ)] . (3.21)
AH,H (θ) 
H 
As in equation 3.9 the single scattered intensity for the sample is given by � 
dσ 
�
IS (θ) = a(θ)NS (θ) . (3.22)
dΩ S 












I � (θ) 
�
CH − Q2(θ) 
a(θ) 
− MCH (θ)�






− MH (θ) , (3.23) 
where 
Q1(θ) = NS AS,SCH (θ), (3.24) 
AC,SCH (θ)






Q3(θ) = AH,SCH (θ) − AC,SCH (θ) . (3.26)
AH,H (θ) AC,CH (θ) 
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In the absence of a heater Q3(θ) = 0 and the subscript H can be omitted so 
















− MSC (θ) − Q2(θ) 
a(θ) 
− MC (θ) . 
(3.27) 
For a multi-component system the diﬀerential scattering cross-section for the 
sample is given by equation 2.5 and the total structure factor F (Q) is therefore 
extracted by using 
n







inc,α)(1 + Pα(Q)). (3.28)dΩ 
− coh,α + b2 
S α=1 
3.7 X-ray diﬀraction data treatment 
As in neutron diﬀraction, to extract the diﬀerential scattering cross section 
dσ (Q) from the scattered intensity obtained in an x-ray diﬀraction experiment 
dΩ 
on an amorphous sample it is necessary to ﬁrst normalise the measured intensi­
ties to the incident x-ray monitor count and then subtract contributions to the 
diﬀracted intensity arising from the sample container, the sample environment 
and the intrinsic instrument background. The attenuation corrections due to 
absorption are typically large for x-rays, although the absorption cross section 
is reduced by using a high energy incident x-ray beam. The sample containers 
used in the present work were made from kapton 77-80 thin ﬁlms which are 
highly transparent to x-rays. 
Consider x-ray diﬀraction measurements made using a slab sample geome­
try, as illustrated in ﬁgure 3.13. The incident beam intensity I0 is attenuated 
by the sample giving a scattered beam intensity 
I1(θ) = AS,S(θ)I0. (3.29) 
In slab geometry, the self-shielding attenuation factor is calculated, using the 
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Figure 3.13: Slab sample geometry where I0 and I1 are the intensities of the 
incident and scattered beam, respectively, d, x, D and t are distances, 2θ is 
the scattering angle and α is the angle between the outward face of the sample 
and the incident beam. 











AS,S (2θ) = exp −µL









where µ denotes the attenuation coeﬃcient, the distances d, x, D, t and angle α 
are deﬁned in ﬁgure 3.13 and 2θ denotes the scattering angle. The background 
corrected intensity for the sample is given by 
IS
� (θ) = IS
E (θ) − ISB(θ) 
= AS,S (θ)IS(θ), (3.31) 
where the single scattered intensity for the sample is related to the total x-ray 
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scattering cross section by � 
dσ 
�X 
IS (θ) = aNS (Q) (3.32)
dΩ Total 
and a is the diﬀractometer calibration factor which is assumed to be indepen­
dent of θ. 
The background scattering is typically largest at small scattering angles 
and the attenuation of the background by the sample at low angles must be 
taken into account. The regions that contribute to the background scattering 
are shown in ﬁgure 3.14. If in the absence of a sample and container we assume 
a vacuum for region δ, such that there is no scattering from this region, then 
the background intensity is given by 
IB (θ) = Iα(θ) + Iβ (θ) + Iγ (θ). (3.33)S 
If a highly absorbing sample, such as lead (Pb), is placed in the sample position, 
then the contribution to the background scattering from region β is eliminated 
and the measured background intensity 
IE (θ) = Iα(θ) + Iγ (θ). (3.34)Pb
The intensity arising from region β with no sample in the beam can therefore 
be determined by 
Iβ(θ) = IS
B 
Pb(θ). (3.35)(θ) − IE 
In the presence of a sample in region δ, the background contribution from 
region β is attenuated such that 
IS
E (θ) = Iα(θ) + Iγ (θ) + AS,S (θ)Iβ (θ) + IS
� (θ). (3.36) 
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Figure 3.14: The regions α, β, γ that contribute to background scattering in 
the presence of a sample in region δ. 
The background corrected intensity at low angles is therefore obtained from 
IS
� (θ) =	 IS
E (θ) − {Iα(θ) + Iγ (θ) + AS,S (θ)Iβ(θ)} 
IE = (θ) − �IE (θ) + AS,S (θ) �IB (θ) − IE (θ)�� . (3.37)S Pb	 S Pb
A similar correction can be made for neutron diﬀraction experiments with a 
ﬁxed incident wavelength where a suitable neutron absorber such as cadmium 
(Cd) is used in place of Pb. 
There is no equivalent to vanadium, as used in neutron diﬀraction, for nor­
malizing x-ray diﬀraction intensities. Instead the constant a in equation 3.32 
is used to scale IS
� (θ) until it agrees with the sum of the Compton scattering 
cross section and self scattering contributions at high Q values to obtain the 
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2 + FX (Q) (3.38)
dΩ Compton α=1 
and FX (Q) 0 at high Q values. The total x-ray structure factor is then → 
obtained from 
n

















4. A neutron diﬀraction study of 
molten copper halides 
The work presented in this chapter is also reported in Ref. [58]. 
4.1 Introduction 
The copper halides CuX (X = Cl, Br, I) exhibit superionic conductivity at ele­
vated temperatures or pressures in which Cu+ cations move through a network 
of voids formed by an anion sub-lattice [59] leading to an exceptionally high 
(liquid-like) ionic conductivity whilst in the solid state [59–63]. The key struc­
tural transformations of the CuX system are summarised in table 4.1 where 
they are compared to AgI, a typical superionic compound. In particular, at 
673 K CuI undergoes a transition into the superionic α-phase which is accom­
panied by an increase in the self diﬀusion coeﬃcient of Cu+ from the order 
of 10−6 cm2s−1 in the β-phase to a liquid-like value of 3.5 10−5 cm2s−1 in the · 
α-phase [64]. The ionic conductivity of the superionic α-phase and the molten 
phase is comparable at ≈ 1 Ω−1 cm−1 [62, 65]. In comparison, CuCl under­
goes a transition into the β-phase at 681 K from which the system melts at 
703 K. Despite the relatively high ionic conductivity value of ≈ 0.1 Ω−1 cm−1 
[65] and a liquid-like Cu+ self diﬀusion coeﬃcient [66], the β-phase of CuCl 
is not generally considered to be a true superionic phase since the cations are 
reported to have only a limited occupation of the interstitial voids formed by 
the anion sublattice [63, 67]. However, the application of a moderate pressure 
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Table 4.1: Summary of the phase transitions observed at temperature, T , in 
the CuX system compared to AgI. The superionic phases are denoted by *, 
where † denotes a phase obtainable only at elevated pressures. 













AgI type bcc 
zinc-blende fcc 
wurtzite 
AgI type bcc 
< 681 
681 → 703 
< 703 
� 700 † 
< 664 
664 → 744 










CuI	 γ zinc-blende < 642 [63] 
β hexagonal 642 680 [63]→
α∗	 fcc 680 878 [63]→
melt < 878 [68] 
VII∗ bcc � 920 † [63] 
AgI	 γ zinc-blende < 420 [70] 
β wurtzite < 420 [70] 
α∗ bcc 420 831 [70]→
melt < 831 [68] 
III∗ rocksalt � ambient † [63] 
� 0.2 GPa at a temperature � 700 K leads to the III-phase of CuCl which has 
a structure analogous to the ambient pressure superionic structures of α-AgI 
and α-CuBr [67]. This promotion of superionic behaviour at elevated pressure 
is counter-intuitive, since more densely packed anion sublattices will be formed 
reducing the free-space available for the mobile cations. Nevertheless CuI has 
also been shown to adopt a bcc superionic VII-phase at a moderate pressure 
� 2 GPa at a temperature � 920 K in addition to its ambient pressure su­
perionic α-phase and AgI can be transformed at ambient temperature into a 
rocksalt superionic III-phase by the application of a pressure � 0.5 GPa [63]. 
The superionic properties of CuX systems make them ideal candidates for 





Figure 4.1: The phase diagram for the CuCl-CuI system [71]. The onset of 
crystallisation for the CuCl-CuI mixtures is given by the solid (black) line. The 
eutectic point occurs at 58 mol % CuCl. The solubility of CuCl is relatively 
high in CuI and forms a mixed crystalline δ-phase containing up to 12 mol % 
CuCl. In contrast, the solubility limit of CuI in CuCl is lower forming a mixed 
crystalline ω-phase containing only a few mol % CuI. A mixture of the ω and 
δ crystalline phases exists below the eutectic, as marked by the horizontal 
dashed (red) line. 
bilised at ambient temperature. This can be achieved via the introduction of 
the copper halides into network glasses to produce fast-ion conducting glasses 
such as CuI-CuPO3 and CuI-PbI2-As2Se3 [72–77]. It is therefore important to 
understand the structure of the copper halides, particularly in the superionic 
and molten phases, in order to provide insight into their basic physico-chemical 
properties and to provide suﬃcient criteria and constraints for developing re­
alistic models of this system and other related materials. 
The purpose of this investigation is to make a systematic study of the 
structure of molten (CuCl)x(CuI)1−x (0 x 1) mixtures using neutron ≤ ≤ 
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diﬀraction. The phase diagram for the CuCl-CuI system is plotted in ﬁgure 
4.1 where the minimum in the liquidus curve (or eutectic point) lies at the 
composition x = 0.58 and temperature T = 557 K. In the solid-phase, CuI 
is relatively insoluble in CuCl but does form mixed crystals containing up to 
12 mol % CuCl. The structure and properties of molten CuCl [78–97] and CuI 
[85–105] have been extensively studied by experiment, theory and computer 
simulations providing an important reference point on which to base a study of 
their mixtures. In particular, the full set of partial structure factors for molten 
CuCl were measured by Page and Mika [78] in one of the ﬁrst applications of 
the method of isotopic substitution in neutron diﬀraction using the Curran and 
Badger I instruments at the DIDO reactor (Harwell, UK) [78]. This work was 
subsequently improved upon by Eisenberg et al. [106] in 1982, at the ILL reac­
tor (Grenoble, France) using the D4 instrument, following a redetermination of 
the coherent neutron scattering length of the chlorine isotopes [107], which had 
a discrepancy of ∼ 18% for 37Cl. The Reverse Monte Carlo (RMC) method has 
also been used to deduce the partial structure factors of molten CuI from the 
diﬀraction patterns obtained from anomalous x-ray scattering [99] or neutron 
and x-ray diﬀraction [103, 104]. Prior to this study, very limited measure­
ments had been performed on the structure and properties of molten copper 
halide mixtures. However, some properties including the magnetic susceptibil­
ity, ultrasonic velocity, sound attenuation and density measurements had been 
made on the copper halides and their mixtures [96, 108, 109]. The magnetic 
susceptibility for the CuCl-CuBr melts displays a deviation from the linear 
dependence on composition observed for the CuBr-CuI and CuCl-CuI melts 
[108]. The structure of CuCl-CuBr melts has also been studied by neutron 
diﬀraction [110]. 
4.2 Theory 
As derived in § 2.2, the coherent scattered intensity obtained by a neutron 





total structure factor F (Q), deﬁned as 
n n
F (Q) = 
�� 
cαcβ bαbβ [Sαβ(Q) − 1], (4.1) 
α=1 β=1 
where n = 3 is the total number of chemical species α or β, cα and bα rep­
resent the atomic fraction and coherent neutron scattering length of chemical 
species α, respectively, Sαβ(Q) is a Faber-Ziman partial structure factor and 
Q is the scattering vector. For the natural isotopic abundance, the coherent 
neutron scattering lengths are b(Cl) = 9.5770(8) fm, b(Cu) = 7.718(4) fm and 
b(I) = 5.28(2) fm [30] and the weighting factors for the Sαβ(Q) partial struc­
ture factors are listed in table 4.2. The corresponding real space information 









cαcβbαbβ [gαβ(r) − 1] (4.2) 
α=1 β=1 
where n0 denotes the atomic number density, gαβ(r) is a partial pair distribu­
tion function and r is a distance in real space. 
Table 4.2: Weighting factors (in barn) for the Sαβ (Q) partial structure factors 
in the F (Q) functions of the (CuCl)x(CuI)1−x samples. 
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4.3 Experimental procedure 
The experimental work was conducted in August 2000 by Salmon, Takeda and 
Kawakita [58] following the procedure outlined below. The data analysis and 
interpretation was performed by the author. 
4.3.1 Sample preparation 
The (CuCl)x(CuI)1−x (x = 1, 0.801, 0.576, 0.294, 0) samples were prepared by 
weighing CuCl (Aldrich, 99.995+ %) and CuI (Aldrich, 99.999 %) in the correct 
proportions in a dry nitrogen ﬁlled glove box to prevent contamination of the 
sample by atmospheric impurities. The samples were loaded into matched 
silica ampoules of 7 mm inner diameter and 1 mm wall thickness and sealed 
under vacuum. Prior to preparation, the ampoules had been cleaned using 
chromic acid and distilled water and thoroughly dried. The samples used in 
the experiment are shown in ﬁgure 4.2. 
4.3.2 The SANDALS neutron diﬀraction experiment 
Neutron diﬀraction experiments were performed on the (CuCl)x(CuI)1−x sam­
ples using the SANDALS instrument with a maximum scattering vector Qmax = 
A
−1 
49.9 ˚ . The samples were heated to above their melting temperatures using 
the Leicester furnace. Diﬀraction patterns were taken for the samples in their 
silica containers in the furnace, an empty silica container in the furnace at 
several high temperatures, the empty furnace, the empty instrument, and a 
vanadium rod of diameter 8.35 mm for normalisation purposes. After eliminat­
ing non-functioning or noisy detectors, the GUDRUN analysis program [111] 
was used to process the data detector-by-detector, correcting for attenuation, 
background, multiple scattering and inelasticity eﬀects and normalising to the 
vanadium standard. The results were then merged to produce the total struc­
ture factor F (Q). The neutron wavelength range used in the data analysis 





Figure 4.2: The (CuCl)x(CuI)1−x samples sealed in silica ampoules and pho­
tographed after the diﬀraction measurements. The samples are (a) CuCl 
(b) (CuCl)0.801(CuI)0.199 (c) (CuCl)0.576(CuI)0.424 (d) (CuCl)0.294(CuI)0.706 and 
(e) CuI. 
14.544 ≤ En (eV) ≤ 3.339 (see equation 3.3) in order to avoid the neutron 
resonances of iodine at 20 eV and 31 eV [112]. 
Self consistency checks were performed on the data sets ensuring that (i) 
each measured F (Q) obeys the correct sum-rule given in table 4.3, (ii) the 
low-r features in G(r) oscillate about the theoretical G(0) limit given in table 
4.3 and (iii) the Fourier backtransform of G(r) after the low-r features are set 
to the theoretical G(0) limit are in good overall agreement with the original 
F (Q) [113]. 
The temperature and number density of the molten samples investigated 
are given in table 4.3. The number density for the CuCl-CuI mixtures at 
temperature T (in ◦C) was determined from the measured molar volume VM 
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of CuCl and CuI [114]: 
VM (CuCl)(cm
3 mol−1) = 24.34 
�
1 + 2.10 10−4T + 3.4 10−8T 2
� 
, (4.3)· · 
VM (CuI)(cm
3 mol−1) = 34.71 
�
1 + 3.83 10−4T − 5.12 10−8T 2� , (4.4)· · 
and by the application of Vegard’s law which assumes a linear relationship 
between the molar volume of the alloy (CuCl)x(CuI)1−x and the concentrations 
x and (1 − x) of the constituents such that 
VM ((CuCl)x(CuI)1−x) = xVM (CuCl) + (1 − x)VM (CuI). (4.5) 
It is noted that there does exist, for CuCl-CuBr melts, a discrepancy between 
the measured molar volume and the value calculated from Vegard’s law, but 
this is small at � 3 % [109]. 
Table 4.3: Experimental parameters for the (CuCl)x(CuI)1−x melts studied 
using neutron diﬀraction. The temperature T is given together with the atomic 
number density n0, theoretical G(0) limits and sum rule value for each sample. 
x T (K) n0 (A˚
−3 


































The measured total structure factors F (Q) for the (CuCl)x(CuI)1−x melts are 
plotted in ﬁgure 4.3. The F (Q) functions for molten CuCl and CuI are in good 
overall agreement with the previous neutron diﬀraction results also plotted in 
























































Figure 4.3: The measured total structure factors F (Q) for (a) CuCl at 
733 K, (b) (CuCl)0.801(CuI)0.199 at 693 K, (c) (CuCl)0.576(CuI)0.424 at 613 K, 
(d) (CuCl)0.576(CuI)0.424 at 873 K, (e) (CuCl)0.294(CuI)0.706 at 773 K and 
(f) CuI at 933 K. The bars represent the statistical errors and the solid (red) 
curves are the Fourier back-transform of the corresponding G(r) functions 
given in ﬁgure 4.4 after the un-physical low-r oscillations are set to their theo­
retical G(0) limit. The dashed (blue) curve shows the F (Q) function measured 
for (a) CuCl at 773 K by Eisenberg et al. [106] or (f) CuI at 923 K by Takeda 
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Figure 4.4: The total pair distribution functions G(r) for (a) CuCl at 
733 K, (b) (CuCl)0.801(CuI)0.199 at 693 K, (c) (CuCl)0.576(CuI)0.424 at 613 K, 
(d) (CuCl)0.576(CuI)0.424 at 873 K, (e) (CuCl)0.294(CuI)0.706 at 773 K and 
(f) CuI at 933 K as obtained by Fourier transforming the corresponding F (Q) 
functions shown in ﬁgure 4.3 after making a Harwell spline ﬁt [115] to the data 
A
−1 
and truncating at Qmax = 20 ˚ (a-c) or applying a cosine window function 
A
−1 
between ≈ 18 and 20 ˚ (d-f). The dashed (red) curves indicate the extent 





Table 4.4: The leading peak positions in the measured F (Q) and G(r) functions 
for (CuCl)x(CuI)1−x melts at temperature T . For CuCl (x = 1) there is no 
A
−1 
FSDP in F (Q) at ≈ 1 ˚ . For CuCl and CuI (x = 0) the ﬁrst physical peak 
in G(r) is asymmetric but the shoulders at 2.57(2) and 2.84(2) A˚, respectively, 
are not listed. 
F (Q) G(r) 






) r1 A) r2 (˚ r3 A)(˚ (˚ q3 (˚ (˚ A) (˚
1 733 - 2.00(2) 3.49(2) 2.23(2) – 3.80(3) 
0.801 693 1.07(2) 1.96(2) 3.39(2) 2.25(2) 2.57(2) 3.95(2) 
0.576 613 0.94(2) 1.93(2) 3.30(2) 2.27(2) 2.57(2) 4.09(3) 
0.576 873 0.92(2) 1.90(2) 3.27(2) 2.28(2) 2.58(2) 4.10(3) 
0.294	 773 0.90(2) 1.86(2) 3.18(2) 2.25(2) 2.54(2) 4.14(3) 
0 933 0.88(2) 1.79(2) 3.04(2) – 2.53(2) 4.52(3) 
A
−1 
out to 20 ˚ . This is an improvement on the F (Q) obtained previously for 
molten CuCl by Eisenberg et al. [106], measured using a neutron wavelength 
of 0.696 A˚ and Qmax = A
−1 
17 ˚ , where structural features were lost beyond 
A
−1 ≈ 11.25 ˚ due to poor statistical precision. The total pair-distribution func­
tions G(r) are plotted in ﬁgure 4.4 and were obtained by Fourier transforming 
the corresponding F (Q) after making a Harwell spline ﬁt [115] to the data and 
A
−1 
applying either a straight forward truncation at 20 ˚ (x = 1, 0.801, 0.576 at 
613 K) or by applying a smooth cosine window function between ≈ 18 and 
A
−1 
20 ˚ (x = 0, 0.294, 0.576 at 873 K). The positions of the leading peaks in 
reciprocal and real space are listed in table 4.4. 
The measured F (Q) for molten CuCl exhibits a sharp principal peak at 
A
−1 
2.00(2) ˚ which undergoes a progressive reduction in intensity with the ex­
change of halide ion from Cl− to I−. With the exception of CuCl, all of the 
A
−1 
F (Q) functions exhibit a ﬁrst sharp diﬀraction peak (FSDP) at ≈ 1˚ , in­
dicative of ordering on an intermediate length scale [116], which increases in 
intensity whilst tending to a lower Q value with increasing I− concentration. 
A
−1 
The measured F (Q) for molten CuI exhibits a principal peak at 1.79(2) ˚
A
−1 
and an FSDP at 0.88(2) ˚ . The features in the measured F (Q) functions 
for the CuCl-CuI mixtures are qualitatively reproduced in ﬁgure 4.5 by su­
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perposing the F (Q) for pure CuCl at 733 K and CuI at 933 K weighted by 
the corresponding concentrations x and (1 − x) such that the reconstructed 
total structure factor recF (Q) = xCuClF (Q) + (1 − x)CuIF (Q). A comparison 
of the partial structure factors Sαβ(Q) for CuCl and CuI, plotted in ﬁgures 4.7 
and 4.11 respectively, suggests that the FSDP in CuI results from the Cu-Cu 
correlations. 
The measured G(r) functions do not show any distinct structure beyond 
the second coordination shell. The ﬁrst peak in G(r) at 2.23(2) A˚ for molten 
CuCl arises from the nearest neighbour Cu-Cl correlations, as evident from the 
partial pair distribution functions gαβ (r) plotted in ﬁgure 4.8. Similarly, the 
ﬁrst peak in G(r) at 2.53(2) A˚ for molten CuI arises from the nearest neighbour 
Cu-I correlations, as evident from the gαβ (r) functions plotted in ﬁgure 4.12. 
It is also clear from the gCuCu(r) partial pair distribution functions that the 
Cu-Cu correlations penetrate into the ﬁrst coordination shell accounting for 
the asymmetry observed on the ﬁrst peak in G(r) for CuCl and CuI. In the 
measured G(r) functions for the molten CuCl-CuI mixtures, a shoulder appears 
on the nearest neighbour peak. This shoulder at ≈ 2.5 A˚ results from the 
introduction of nearest neighbour Cu-I correlations and increases in intensity 
as the halide ion is exchanged from Cl− to I−. The x = 0.576 mixture was 
measured at two diﬀerent temperatures and the nearest neighbour Cu-Cl and 
Cu-I correlations are resolved in the G(r) function at 613 K, as shown in ﬁgure 
4.4 (c). However, as shown in ﬁgure 4.4 (d), the resolution of the two peaks is 
lost after increasing the temperature to 873 K. The nearest neighbour peak in 
G(r) shifts to larger r and reduces in intensity with increasing I− concentration, 
consistent with an increase in the mean anion radius and a reduction in the 
mean anion coherent scattering length. The observed features in the measured 
G(r) functions for the CuCl-CuI mixtures are also qualitatively reproduced 
by superposing the G(r) functions of the pure CuCl and CuI components, as 
shown in ﬁgure 4.6. 
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(d) x = 0.294 (773 K)
(c) x = 0.576 (873 K)



























(a) x = 0.801 (693 K) 
4.4. RESULTS

Figure 4.5: The total structure factors F (Q) for the (CuCl)x(CuI)1−x melts 
given in ﬁgure 4.3 (error bars), where (a) x = 0.801 at 693 K, (b) x = 0.576 
at 613 K, (c) x = 0.576 at 873 K, and (d) x = 0.294 at 773 K, compared to 
their reconstruction recF (Q) (solid red curves) from the measured CuClF (Q) for 
CuCl at 733 K and CuIF (Q) for CuI at 933 K, where recF (Q) = xCuClF (Q) + 
(1 − x)CuIF (Q). 
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Figure 4.6: The total pair distribution functions G(r) for the (CuCl)x(CuI)1−x 
mixtures given in ﬁgure 4.4 (solid black curves), where (a) x = 0.801 at 693 K, 
(b) x = 0.576 at 613 K, (c) x = 0.576 at 873 K, and (d) x = 0.294 at 
773 K, compared to their reconstruction recG(r) (dashed red curves) from the 
measured CuClG(r) for CuCl at 733 K and CuIG(r) for CuI at 933 K, where 





4.5.1 The structure of molten CuCl 
The partial pair distribution functions gαβ (r) for molten CuCl at 773 K from 
Eisenberg et al. [106] are plotted in ﬁgure 4.8. These functions were obtained 
by Fourier transforming the partial structure factors Sαβ (Q), from Eisenberg 
et al. [106] plotted in ﬁgure 4.7, after they had been multiplied by a Bartlett 




|Q| > Qmax with a low Qmax value of 9.73 ˚ chosen to coincide with a node of 
the Sαβ (Q) functions [106]. The gαβ(r) functions obtained by McGreevy and 
Pusztai [117] are also plotted, where the RMC method was used to deduce 
these functions from the F (Q) obtained by Eisenberg et al. [106]. Although 
the measured F (Q) for CuCl at 733 K is in good overall agreement with the 
F (Q) obtained from Eisenberg et al. [106] (see ﬁgure 4.9 (a)), it is clear, by 
comparison of the measured G(r) for CuCl at 733 K and the G(r) functions de­
rived by applying equation 4.2 to the Eisenberg et al. [106] and McGreevy and 
Pusztai [117] gαβ (r) functions, that the application of the Bartlett modiﬁca­
tion function leads to a relative broadening in the nearest neighbour peak (see 
ﬁgure 4.10 (a)). However, despite the discrepancies between the Eisenberg et 
al. [106] and McGreevy and Pusztai [117] gαβ(r) functions, both results show 
that molten CuCl is characterised by a relatively featureless gCuCu(r) function 
that penetrates deeply into the ﬁrst peak arising from the nearest neighbour 
Cu-Cl correlations. In the β-phase of CuCl the Cu+ ions are highly mobile 
and occupy tetrahedral holes in an hcp sublattice of chloride ions [67]. In the 
liquid, the Cu-Cl coordination number n¯Cl = 3.0(7) − 3.4 [83, 106] with a Cu 
large degree of ﬁrst shell penetration by Cu-Cu correlations (see ﬁgure 4.8). 
It was evident from the early work of Page and Mika [78] that the structure 
of liquid CuCl was not typical of other molten salts, for example the structure 
of NaCl subsequently measured by Edwards et al. [118] and revised by Biggin 
and Enderby [119], for which the anion-anion and cation-cation partial struc­
ture factors are similar. The structure does, however, resemble that of molten 
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Figure 4.7: The partial structure factors Sαβ (Q) for molten CuCl obtained from 
isotopic substitution in neutron diﬀraction (IS-ND) by Eisenberg et al. [106] 
(solid black curves) and from Molecular Dynamics simulations with Rahman-
Vashishta-Parrinello eﬀective pair potentials (RVP-MD) by Trulla`s [91] using 
rigid ion model (RIM-RVP-MD) (solid red curves) and polarisable ion model 
(PIM-RVP-MD) (dashed blue curves) potentials. 
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Figure 4.8: The partial pair distribution functions gαβ (r) for molten CuCl ob­
tained from isotopic substitution in neutron diﬀraction (IS-ND) by Eisenberg 
et al. [106] (solid black curves), from a Reverse Monte Carlo ﬁt to the neu­
tron diﬀraction F (Q) [106] (ND-RMC) by McGreevy and Pusztai [117] (solid 
red curve) and from Molecular Dynamics simulations with Rahman-Vashishta-
Parrinello eﬀective pair potentials (RVP-MD) by Trulla`s [91] using rigid ion 
model (RIM-RVP-MD) (dashed blue curve) and polarisable ion model (PIM­
RVP-MD) (chained black curve) potentials. 
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Figure 4.9: The weighted sum of the Sαβ(Q) functions, using equation 4.1, 
obtained for (a) CuCl (see ﬁgure 4.7) and (b) CuI (see ﬁgure 4.11), using 
isotopic substitution in neutron diﬀraction (IS-ND) [106], Molecular Dynamics 
simulations with Rahman-Vashishta-Parrinello eﬀective pair potentials (RVP­
MD) using rigid ion model (RIM-RVP-MD) or polarisable ion model (PIM­
RVP-MD) potentials [91], neutron and x-ray diﬀraction with RMC (NXD­
RMC) [103], ab initio Molecular Dynamics (ab-MD) [101] or anomalous x-ray 
scattering with RMC (AXS-RMC) [99]. The corresponding total structure 
factors F (Q) measured in the present study for CuCl and CuI are plotted for 
comparison (black curves). 
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Figure 4.10: The weighted sum of the gαβ (r) functions, using equation 4.2, 
obtained for (a) CuCl (see ﬁgure 4.8) and (b) CuI as (see ﬁgure 4.12), using 
isotopic substitution in neutron diﬀraction (IS-ND) [106], neutron diﬀraction 
with RMC [117], Molecular Dynamics simulations with Rahman-Vashishta-
Parrinello eﬀective pair potentials (RVP-MD) using rigid ion model (RIM­
RVP-MD) or polarisable ion model (PIM-RVP-MD) potentials [91], neutron 
and x-ray diﬀraction with RMC (NXD-RMC) [103], ab initio Molecular Dy­
namics (ab-MD) [101] or anomalous x-ray scattering with RMC (AXS-RMC) 
[99]. The corresponding total pair distribution functions G(r) measured in the 
present study for CuCl and CuI are plotted for comparison (black curves). 
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LiCl [117, 120] in which the Li+ radius of 0.59 A˚ is comparable to the Cu+ 
radius of 0.60 A˚ [121] (for 4-fold coordination). Page and Mika [78] could not 
explain the observed diﬀerences between the Cu-Cu and Cl-Cl partial structure 
factors by considering a purely ionic system and instead proposed a partially 
covalent bonding scheme whereby several Cl− ions can associate with one Cu+ 
ion in the form (CuCln)
[n−1]− leading to an excess of Cu+ ions. These ex­
cess ions eﬀectively form a plasma, accounting for the lack of structure in the 
gCuCu(r) partial pair distribution function. 
An entirely molecular interpretation of the structure of molten CuCl was 
proposed by Powles [79] in which the liquid comprises covalently bonded di­
atomic units of CuCl with dissociating Cu+ ions. Similar work by Bhatia and 
Ratti [81] suggest the formation of CuCl2 units. However, Gillan [80] criticised 
Powles approach for failing to consider the eﬀect of orientational correlations 
between the molecules. Gillan showed that taking these correlations into ac­
count has a substantial eﬀect on the Cu-Cl and Cu-Cu pair distribution func­
tions. Moreover, this molecular model is inconsistent with the coordination 
Clnumber n¯Cu = 3.0(7) subsequently measured by Eisenberg et al. [106]. It 
also conﬂicts with the measured physical properties of liquid CuCl, including 
the high ionic conductivity of the liquid (≈ 1 Ω−1 cm−1), and the relatively 
long nuclear magnetic resonance relaxation time [82, 83] which are indicative 
of an ionic system. Nevertheless, there are several properties of molten CuCl 
that point to only a partially ionic system including its molar volume, entropy 
change on fusion, viscosity and self-diﬀusion coeﬃcient [78, 106]. A covalent 
bonding character is also suggested by the discrepancy between the sum of 
the ionic radii of Cu+ at 0.6 ˚ A and the measured nearest A and Cl− at 1.81 ˚
neighbour distance of 2.23(2) A˚. 
Ginoza et al. [84] suggest that the structural features observed in CuCl are 
typical of systems that melt from the superionic phase. In fact, the full set of 
partial structure factors for molten CuBr was determined by Allen and Howe 
[122] in 1992 using isotopic substitution in neutron diﬀraction and the results 





pair correlation functions in both Q- and r-space, (ii) considerable asymmetry 
between the Cu-Cu and Br-Br pair distribution functions and (iii) a large de­
gree of ﬁrst-shell penetration by the copper ions. In order to fully understand 
and successfully model the structure of molten CuCl and other CuX systems, 
it is suggested that proper attention should be given to the structure of the 
solid prior to melting [84]. For example, the mobility of the cations in the 
superionic phase of the copper halides is enhanced by the ability of the cations 
to form mixed ionic-covalent bonds at each intermediate position in their dif­
fusion pathway [60, 61, 63]. If retained in the molten phase, this mechanism 
would explain the partial covalent nature observed in molten CuCl. The dif­
fuse Cu-Cu partial structure factor, small entropy of fusion and comparable 
conductivity of molten CuCl in relation to the other molten alkali halides can 
also be understood if the molten structure retains a memory of the structure 
from the β-phase. 
Many of the contemporary models for CuCl and other CuX systems [85–91, 
123] use molecular dynamics simulations with Rahman-Vashishta-Parrinello 
[124, 125] eﬀective pair potentials (RVP-MD). The Sαβ(Q) and gαβ (r) func­
tions for molten CuCl at 773 K obtained by Trulla`s [91] using the standard 
rigid ion model RVP potentials (RIM-RVP-MD) and a polarisable ion model 
interaction scheme (PIM-RVP-MD) are plotted in ﬁgures 4.7 and 4.8. In PIM­
RVP-MD, non-integer eﬀective charges are used on the ions to mimic the eﬀect 
of the ‘covalent’ interactions. The weighted sum of the RVP-MD Sαβ(Q) and 
gαβ(r) functions, according to equations 4.1 and 4.2, are plotted in ﬁgures 
4.9 (a) and 4.10 (a), respectively. The RVP-MD results are in good overall 
agreement with the Sαβ(Q) functions obtained by Eisenberg et al. [106], (al-
A
−1 
though the latter appear shifted to higher Q by ≈ 0.2 ˚ ). However, it 
appears that the PIM result is in better agreement with the SCuCu(Q) par­
tial from Eisenberg et al. [106] exhibiting less structure than the RIM result 
and suggesting that polarisation eﬀects are an important consideration when 
modelling these systems. 
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4.5.2 The structure of molten CuI 
The RMC method has been applied to the diﬀraction patterns of molten CuI, 
measured by Waseda et al. [99] using anomalous x-ray scattering at 940 K and 
by Takeda et al. [103] using a combination of neutron and x-ray diﬀraction at 
923 K, where the resulting partial structure factors Sαβ (Q) and correspond­
ing partial pair distribution functions gαβ(r) are plotted in ﬁgures 4.11 and 
4.12 respectively. The short range part of gCuI(r) and gCuCu(r) obtained by 
Trapananti et al. [100] using x-ray absorption spectroscopy at 903 K are also 
plotted. The weighted sum of the Sαβ(Q) and gαβ (r) functions according to 
equations 4.1 and 4.2 are shown in ﬁgures 4.9 (b) and 4.10 (b), respectively. 
The results of the Waseda et al. [99] and Takeda et al. [103] accurately repro­
duce the measured F (Q) and G(r) functions for CuI measured at 933 K. CuI 
shows several of the structural characteristics found for molten CuCl (see ﬁg­
ure 4.8) and CuBr [99, 122, 126, 127], namely a relatively featureless gCuCu(r) 
function that penetrates deeply into the Cu-X nearest neighbour correlations. 
In the superionic α-phase of CuI the Cu+ ions are highly mobile and occupy 
tetrahedral sites in an fcc iodine sublattice [128]. In the liquid the coordina­
tion number n¯I � 2.7 [104]. The discrepancy between the nearest neighbour Cu 
Cu-I distance of 2.53(2) A˚ and the sum of the ionic radii of Cu+ at 0.6 A˚ and 
I− at 2.20 A˚ [121] is larger for CuI than for CuCl. This is supported by the 
smaller ionicity fi of 0.692 for CuI compared to 0.746 for CuCl, according to 
the Philips electronegativity scale [129]. It is argued that compounds with 
fi greater than 0.785 do not exhibit superionic behaviour, since the cation is 
constrained near the anions due to strong Coulombic attraction, resulting in 
zero diﬀusion [130]. 
In ﬁgure 4.13 a comparison is made between the gαβ(r) functions from 
Chahid and McGreevy [131], obtained by applying the RMC method to neu­
tron diﬀraction patterns for the superionic α-phase of CuI at 713 K, and from 
Takeda et al. [103] for the molten phase of CuI at 923 K. The measured G(r) 
function for molten CuI at 933 K is also plotted in comparison to the G(r) 
deduced from the weighted sum of the gαβ (r) functions of Chahid and Mc­
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Figure 4.11: The partial structure factors Sαβ(Q) for molten CuI obtained 
from anomalous x-ray scattering at 940 K with RMC (AXS-RMC) by Waseda 
et al. [99] (solid black curve), neutron and x-ray diﬀraction at 923 K with 
RMC (NXD-RMC) by Takeda et al. [103] (solid red curve), Rahman-Vashista-
Parrinello Molecular Dynamics at 938 K using rigid ion model (RIM-RVP­
MD) potentials by Trulla`s [91] (chained black curve) and ab initio Molecular 
Dynamics (ab-MD) at 900 K by Shimojo et al. [101] (dashed blue curve). 
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Figure 4.12: The partial pair distribution functions gαβ(r) for molten CuI 
obtained from anomalous x-ray scattering at 940 K with RMC (AXS-RMC) by 
Waseda et al. [99] (solid black curve), neutron and x-ray diﬀraction at 923 K 
with RMC (NXD-RMC) by Takeda et al. [103] (solid red curve), Rahman-
Vashishta-Parrinello Molecular Dynamics at 938 K using rigid ion model (RIM­
RVP-MD) potentials by Trulla`s [91] (chained black curve), ab initio Molecular 
Dynamics (ab-MD) at 900 K by Shimojo et al. [101] (dashed blue curve) 
and x-ray absorption spectroscopy (XAS) at 903 K by Trapananti et al. [100] 
(black open circles). 
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Figure 4.13: Comparison between the solid and molten structures of CuI. 
(a) - (c) The partial pair distribution functions gαβ (r) for the melt at 923 K 
(solid black curve), as obtained from an RMC analysis of neutron and x-ray 
diﬀraction data by Takeda et al. [103], compared to the superionic α-phase 
at 713 K (solid red curve), as obtained from an RMC analysis of neutron 
diﬀraction data by Chahid and McGreevy [131]. (d) The measured total pair 
distribution function G(r) for the melt at 933 K from ﬁgure 4.4 (a) (solid black 
curve) compared to the weighted sum of the gαβ (r) partial pair distribution 
functions, using equation 4.2, for the superionic α-phase at 713 K (solid red 
curve) in (a) - (c) and the weighted sum of the gαβ (r) partial pair distribution 
functions, using equation 4.2, for the zinc-blende phase at 298 K (dashed blue 
curve) given by Chahid and McGreevy [131]. 
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Greevy [131], using equation 4.2, for the crystalline zinc-blende phase of CuI 
at 298 K and the superionic α-phase of CuI at 713 K. A remarkable similar­
ity is observed between the local structure of the liquid and solid superionic 
phase. This reﬂects the assertion made by Ginoza et al. [84] and the measured 
structure of other superionic systems and their melts, for example AgI [132], 
CuBr [122, 127], Ag2Se [133] and Ag2Te [134], suggesting that the structure 
of the melt does indeed retain a memory of the structure of the solid supe­
rionic phase i.e. liquid like correlations are present in the high temperature 
phases of these materials. In the present work, the diﬀuse Cu-Cu partial pair 
distribution function in the molten CuX system can be attributed to the high 
mobility of the Cu+ ions through the interstitial sites of the X− sublattice, as 
in the superionic solid-phase. 
As for CuCl, RVP-MD simulations have also been performed on the solid 
and liquid phases of CuI using non integer ionic charges to take into account 
the partially covalent character of the bonding [85–87, 89–91, 123, 130, 135– 
139]. Recently, ab initio molecular dynamics (ab-MD) simulations have been 
employed to model the superionic and liquid phases of CuI [101, 105, 140]. 
The partial structure factors Sαβ(Q) and partial pair distribution functions 
gαβ (r) for molten CuI, deduced by Trulla`s [91] at 938 K using RIM-RVP-MD 
simulations and at 903 K using ab-MD simulations by Shimojo et al. [101], are 
plotted for comparison with the experimentally derived functions in ﬁgures 4.11 
and 4.12. The results obtained from the RVP-MD simulations do not reproduce 
the measured structure of molten CuI or the superionic α-phase [100, 131, 136]. 
A
−1 
For example, they do not reproduce the measured FSDP at 0.88(2) ˚ in the 
F (Q) or SCuCu(Q) functions. Conversely, the ab initio calculations do predict 
the general features in these functions, however, the FSDP is too large and the 
gCuCu(r) partial pair distribution function is not precisely reproduced showing 
greater structure (see ﬁgures 4.9 (b) and 4.10 (b)). The authors attribute these 
discrepancies to (i) the cubic supercell (144 atoms: 72Cu + 72I) used being 
of insuﬃcient size to accurately reproduce the collective motion of atoms, or 





approximation used in the density functional theory [105]. 
The ab-MD simulations of Shimojo and Aniya [140] for the superionic α­
phase of CuI indicate a time evolution of the Cu-I bonding interactions as 
the Cu+ ions diﬀuse through the I− sublattice, as illustrated in ﬁgure 4.14. 
The ab-MD simulations for molten CuI by Shimojo et al. [101] show almost 
no covalent character for the I-I interactions but a partial covalent character 
for both the Cu-I and the Cu-Cu interactions [101, 105], which accounts for 
the anomalously short Cu-Cu distance. The inadequacy of an eﬀective pair 
potential approach is therefore partly due to a failure to properly account for 
the covalent character of the bonding in CuI. 
(a) (b) 
Figure 4.14: The isosurface of electron density at 0.022 a.u. around the Cu+ 
ion in α-CuI. The Cu+ ions may occupy either (a) tetrahedral sites or (b) 
octahedral sites. Although the Cu+ ions prefer to occupy the tetrahedral 
sites, they must pass through an octahedral site along their diﬀusion pathway 
between tetrahedral sites. [140]. 
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4.5.3 The structure of molten CuCl-CuI mixtures 
As shown in ﬁgures 4.5 and 4.6 the structure of the (CuCl)x(CuI)1−x melts 
can be qualitatively reproduced by a superposition of either the F (Q) or G(r) 
functions of the pure components. However, despite this qualitative agreement, 
caution is needed in interpreting the mixtures in this way since no account is 
taken for the eﬀects of mixing on the liquid structure and although the Cu-X 
partial structure factors have the correct weighting, the X-X correlations are 
given an incorrect weighting. 
In order to successfully model the structure of molten CuCl-CuI mixtures 
it is ﬁrst necessary to improve existing models for the pure components. As 
shown in the case of CuCl, one approach is to use the polarisable ion model 
where induced dipole polarisation eﬀects are added to the rigid ion model RVP 
pair potentials. However, this approach may not take into account the covalent 
character of bonding in the CuI system, as indicated by the ab-MD simulation 
results of Shimojo et al. [101, 105, 140] which shows the co-existence of both 
ionic and covalent bonding in the crystalline α (ﬁgure 4.14) and molten phases 
of CuI. However, as ﬁgures 4.11 and 4.12 show, even the ab-MD results do not 
entirely reproduce the structure of CuI as obtained by experimental methods. 
4.6 Conclusions 
The structure of molten CuCl, CuI and (CuCl)x(CuI)1−x (0 ≤ x ≤ 1) mixtures 
was investigated at the total structure level by using neutron diﬀraction. The 
results for CuCl show that the gαβ (r) functions reported by Eisenberg et al. 
[106] are artiﬁcially broadened, consistent with the use by these authors of a 
modiﬁcation function with a small Qmax value. The measured G(r) function 
for CuI at 933 K shows structural features very similar to those found in the 
superionic α-phase. This characteristic is common to other compounds which 
melt from a superionic phase. 
The results show that the RIM-RVP eﬀective potentials do not reproduce 





of the structure in CuCl with improved agreement still if polarisation eﬀects are 
included. In order to make a realistic attempt at accounting for the structure of 
the CuCl-CuI system, the existing models for CuCl and CuI must be improved. 
The results of ab initio molecular dynamics simulations for CuI do provide 
better agreement with the experimental results although this method still does 
not suﬃciently reproduce the Cu-Cu correlations. 
Further experimental measurements are required to obtain accurate par­
tial structure factors for both molten CuI and the CuCl-CuI mixtures. This 
could be achieved by employing the method of isotopic substitution in neutron 
diﬀraction, to obtain the full set of partial structure factors in CuI and the 





5. Structure of La/Ce-Ge-Ga-S 
glasses by the method of 
isomorphic substitution in 
neutron diﬀraction 
5.1 Introduction 
Glasses containing luminescent rare earth ions are frequently used in modern 
technology, particularly in optoelectronics as ﬁbre ampliﬁers and solid-state 
lasers [141]. The development of novel glass hosts to increase the eﬀective­
ness and capability of optoelectronic systems is an area of current research 
that is receiving much attention (see Ref. [142] for a recent review). Speciﬁ­
cally, chalcogenide glasses are promising hosts for rare earth ions and for use 
as infra-red transmitting and luminescent materials [143–145]. The experi­
mental determination of the structure of rare earth chalcogenide glasses is 
therefore of signiﬁcant technological and scientiﬁc interest and will assist, for 
example, the development of structural models that can aid the engineering 
of these materials with speciﬁc functional properties for use in optoelectronic 
devices. The main objectives of this investigation are to provide new insight 
into (i) the structural transformations that enhance rare earth solubility when 
Ga is incorporated into Ge-S/Se glasses, (ii) the eﬀect on the glass structure 
of incorporating either small or large rare earth ions, and (iii) the eﬀect on the 
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glass structure of exchanging the chalcogen from S to Se. 
The general properties of rare earth ions and their incorporation into chalco­
genide glasses are discussed below. The remainder of the chapter reports on 
an experimental study using neutron diﬀraction to investigate the structure 
of La/Ce-Ge-Ga-S glasses. Further experimental studies on La/Ce-Ge-Ga-Se 
glasses using neutron diﬀraction and Y/Ho-Ge-Ga-Se glasses using high energy 
x-ray diﬀraction are reported in chapters 6 and 7, respectively. 
5.1.1 Rare earth isomorphism 
Table 5.1: The electronic conﬁgurations for the lanthanoid elements [146]. 
K L M N O P 
Element 1 2 3 4 5 6 
s s p s p d s p d f s p d f s p d f 
57La 2 2 6 2 6 10 2 6 10 .. 2 6 1 .. 2 .. .. .. 
58Ce 2 2 6 2 6 10 2 6 10 2* 2 6 .. .. 2 .. .. .. 
59Pr 2 2 6 2 6 10 2 6 10 3 2 6 .. .. 2 .. .. .. 
60Nd 2 2 6 2 6 10 2 6 10 4 2 6 .. .. 2 .. .. .. 
61Pm 2 2 6 2 6 10 2 6 10 5 2 6 .. .. 2 .. .. .. 
62Sm 2 2 6 2 6 10 2 6 10 6 2 6 .. .. 2 .. .. .. 
63Eu 2 2 6 2 6 10 2 6 10 7 2 6 .. .. 2 .. .. .. 
64Gd 2 2 6 2 6 10 2 6 10 7 2 6 1 .. 2 .. .. .. 
65Tb 2 2 6 2 6 10 2 6 10 9* 2 6 .. .. 2 .. .. .. 
66Dy 2 2 6 2 6 10 2 6 10 10 2 6 .. .. 2 .. .. .. 
67Ho 2 2 6 2 6 10 2 6 10 11 2 6 .. .. 2 .. .. .. 
68Er 2 2 6 2 6 10 2 6 10 12 2 6 .. .. 2 .. .. .. 
69Tm 2 2 6 2 6 10 2 6 10 13 2 6 .. .. 2 .. .. .. 
70Yb 2 2 6 2 6 10 2 6 10 14 2 6 .. .. 2 .. .. .. 
71Lu 2 2 6 2 6 10 2 6 10 14 2 6 1 .. 2 .. .. .. 
The rare earth elements, namely scandium (21Sc), yttrium (39Y) and lan­
thanum (57La) through to lutetium (71Lu) have similar physical and chemical 
properties and adjacent ions can share a common structural chemistry [146]. 





parameters of each element which form a phenomenological scale used to char­
acterise the structure of binary compounds with a given stoichiometry [147]. 
The properties of the rare earth elements result from the progressive addition 
of electrons into the 4f orbitals along the lanthanoid series (58Ce to 71Lu). 
Since (21Sc), (39Y) and (57La) do not have any 4f electrons, they are excluded 
from the lanthanoid series but nevertheless exhibit many characteristics indis­
tinguishable from the lanthanoids. The electronic conﬁguration of a neutral 
lanthanum atom may be considered equivalent to a xenon core with three addi­
tional electrons in the higher energy 5d and 6s orbitals. As the nuclear charge 
increases along the lanthanoid series, electrons ﬁll the 4f orbital (see table 5.1) 
and are drawn into the core xenon orbital structure by strong electromagnetic 
attraction. The deep lying 4f electron shell is thus suﬃciently removed from 
the valency shell that adjacent rare earth elements often form isostructural 
compounds and may be considered to be isomorphic [148]. The lanthanoid se­
ries exhibits a steady decrease in atomic radius with increasing atomic number 
known as the lanthanoid contraction. The 4f electrons imperfectly shield one 
another from the nuclear charge such that the eﬀective nuclear charge attract­
ing each electron steadily increases through the lanthanoid series resulting in 
the atomic radius decrease from rLa = 1.061 A˚ to rLu = 0.850 A˚ [68]. There­
fore, elements at the end of the lanthanoid series are often isomorphic with the 
much lighter rare earth elements 39Y and 21Sc. 
5.1.2 Rare earth luminescence 
Most of the tri-valent rare earth ions exhibit intra-4f shell luminescence leading 
to technological applications including the use of rare earth ions in phosphors, 
where the visible transitions of the rare earth ions are exploited in full colour 
displays [142]. The luminescence of rare earth ions in crystalline and glassy 
hosts is also exploited in solid state lasers with the notable application of Nd3+ 
in the powerful neodymium-doped yttrium aluminium garnet (Nd:YAG) solid 
state laser [141, 149]. The principal area of current rare earth luminescence 
research is in the ﬁeld of optoelectronics where there is a demand for optical 
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sources and ampliﬁers operating at wavelengths compatible with ﬁbre commu­
nications technology [142]. 
Rare earth luminescence may be limited by a number of factors. For exam­
ple multiphonon relaxation can lead to a higher probability of non-radiative 
transitions if the phonon energy of the glass hosts are close to the energy gap 
ΔE between the upper and lower energy states of the rare earth ion [142]. 
Selection of novel glass hosts with low phonon energies, such as chalcogenide 
glasses (see § 5.1.3), can reduce the contribution of multiphonon relaxation. 
The solubility of rare earth ions in a solid host is also an important lim­
iting factor, where if the concentration of the active ion exceeds a critical 
concentration the emission eﬃciency tends to decrease [148]. This concentra­
tion quenching eﬀect results from a non-uniform distribution of rare-earth ions 
in the glassy matrix as the rare earth ions tend to form precipitates. These 
may take the form of clusters of rare-earth ions or as compounds or alloys 
formed with other components of the host matrix which quench luminescence 
by e.g. increasing the number of non-radiative decay channels or by the forma­
tion of rare earth compounds that are not optically active [142]. The critical 
concentration of rare earth ions may vary between hosts from a few parts per 
million to several atomic per cent. Optical ampliﬁer technology is limited by 
the rare earth solubility limit in common glassy hosts which can lead to several 
meters of ﬁbre ampliﬁers being required for suﬃcient gain [142]. It is therefore 
desirable to ﬁnd replacement glass hosts with not only low phonon energies 
but also high rare earth ion solubility limits. 
5.1.3 Chalcogenide glasses 
Chalcogenide glasses, containing one or more of the group VIa chalcogen ele­
ments (S, Se, Te), have a high degree of covalent bonding between the atoms. 
The term molecular solid is sometimes applied to chalcogenide glasses since 
paths of covalent bonds eﬀectively connect every atom with every other atom 
in a macroscopic sample of the material [1]. The chalcogenides tend to sat­





and z is the most characteristic covalent coordination number expected on the 
basis of the number of shared electrons required to attain a closed shell [1]. 
Chalcogenide glasses have a number of desirable optical and physical proper­
ties with various photonic applications including phase change materials for 
digital memory technology [150], thermal imaging [151] and infrared transmit­
ting media [143–145]. Chalcogenide glasses are also ideal hosts for luminescent 
rare earth ions since their low phonon energies (≈ 150 - 400 cm−1), compared 
to oxide (≈ 1100 cm−1) and ﬂuoride (≈ 550 cm−1) glasses, leads to a higher 
quantum eﬃciency of the radiative intra-4f shell transitions [145, 152–154]. 
Additionally, the high refractive index (> 2.1) of chalcogenide glasses leads 
to an increase in the absorption and emission cross sections which helps to 
improve emission eﬃciency [155, 156]. 
A promising candidate for the incorporation of luminescent rare earth ions 
R3+ is the Ga2X3-GeX2 (X = S, Se) glass system. As well as oﬀering the afore 
mentioned favourable characteristics, this system also exhibits an exceptionally 
high rare earth solubility [157–163]. Extensive investigations have been per­
formed to characterise the physicochemical, optical and luminescent properties 
of R-Ge-Ga-S/Se glasses [153–189], proving them to be eﬀective materials for 
use in integrated optoelectronic devices. 
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5.2 La/Ce-Ge-Ga-S glass 
The aim of this experiment is to use the method of isomorphic substitution 
in neutron diﬀraction to measure the structure of a R-Ge-Ga-S glass, where 
R represents La, Ce, or a 50:50 mixture of the two (denoted ‘Mix’). The 
rare earth ions La3+ and Ce3+ are suitable neutron isomorphs since they are 
adjacent to one another in the rare earth series, have comparable structural 
chemistry as indicated by their Pettifor chemical parameters (0.705 cf. 0.7025) 
[147], and the tri-valent cations have comparable radii (1.16 cf. 1.14 A˚) [121]. 
However, the neutron scattering lengths are diﬀerent, with bLa = 8.24(4) fm 
and bCe = 4.84(2) fm [30] and, therefore, the diﬀerence function methods 
described in § 2.4 can be employed. 
Figure 5.1: The glass forming region for the ternary system R2S3-GeS2-Ga2S3, 
where R=Nd [160]. The open circles denote glass forming compositions, the 
stars denote partially crystalline compositions and the solid (red) circle denotes 




The glass forming region of the GeS2-Ga2S3 system lies within the range 
0 ≥ n ≥ 0.5 when the liquid is quenched from 1000 ◦C in cold water, where 
n = cGa/(cGa + cGe) and cGa and cGe are the atomic fractions of Ga and Ge 
respectively [190]. This range can be extended to n = 0.55 by quenching 
the melt from 1100 ◦C [190]. The phase diagram for the Nd2S3-GeS2-Ga2S3 
system is plotted in ﬁgure 5.1 [160] where the glassy melts were quenched 
from 1100 ◦C. The glass forming region extends to ≈ 40 mol% Ga2S3 and up 
to ≈ 10 mol% Nd2S3. The glass composition (R2S3)0.07(Ga2S3)0.33(GeS2)0.60 
was selected for investigation in this study since it lies well within the glass 
forming region of ﬁgure 5.1 and contains a relatively large fraction of rare earth 
ion cR = 3.68 % which is required to obtain a measurable scattering intensity 
contrast between the diﬀerent rare earth glasses. 
5.3 Theory 
As derived in § 2.2, the coherent scattered intensity obtained by a neutron 
diﬀraction experiment on a R-Ge-Ga-S glass is represented by the total struc­
ture factor F (Q), deﬁned as 
n n
F (Q) = 
�� 
cαcβ bαbβ [Sαβ(Q) − 1], (5.1) 
α=1 β=1 
where n = 4 is the total number of chemical species denoted by α or β, 
cα represents the atomic fraction of chemical species α, Sαβ(Q) is a Faber-
Ziman partial structure factor and Q is the scattering vector. The natural 
isotopic abundance coherent neutron scattering lengths are bS = 2.84(1) fm, 
bGa = 7.288(2) fm, bGe = 8.185(20) fm, bLa = 8.24(4) fm, bMix = 6.54(4) fm 
and bCe = 4.84(2) fm [30]. Expanding in terms of the partial structure factors 
Sµµ� (Q), that involve only the matrix species (Ge, Ga, S), and the partial 
structure factors SRµ(Q) or SRR(Q), that involve the rare earth species R, we 
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can write F (Q) as 
F (Q) = cR




+	 2cRcGabRbGa [SRGa(Q) − 1] + 
�� 
cµcµ� bµbµ� [Sµµ� (Q) − 1] , 
µ=1 µ�=1 
where m = 3 is the total number of matrix species denoted by µ or µ�. If 
the F (Q) functions are measured for samples containing the rare earth ions 
La3+, Ce3+ or a 50:50 mixture of the two, where the neutron scattering lengths 
bLa > bMix > bCe, then the diﬀerence function methods described in § 2.4 can 
be employed. The Sµµ� (Q) partial structure factors may be eliminated by 
subtracting two F (Q) functions to give the ﬁrst order diﬀerence functions 
ΔFR 
(1)
(Q) ≡ LaF (Q) − Ce F (Q) 
(1)




[SRR(Q) − 1] , (5.2)Rµ R La − bCe2 
ΔFR 
(2)
(Q) ≡ LaF (Q) − Mix F (Q) 




[SRR(Q) − 1] , (5.3)Rµ R La − bMix2 
ΔFR 
(3)
(Q) MixF (Q) − Ce F (Q)≡ 
= Δ
(3) 





[SRR(Q) − 1] , (5.4)Rµ R 
where the matrix to rare earth diﬀerence functions are given by 
Δ
(1) 
(Q) = 2cRcSbS (bLa − bCe) [SRS(Q) − 1] (5.5)Rµ
+ 2cRcGebGe (bLa − bCe) [SRGe(Q) − 1] 










+ 2cRcGebGe (bLa − bMix) [SRGe(Q) − 1] 
+ 2cRcGabGa (bLa − bMix) [SRGa(Q) − 1] , 
Rµ
+ 2cRcGebGe (bMix − bCe) [SRGe(Q) − 1] 
the so called “total minus weighted diﬀerence functions” given by 
(2)
Δ (Q) 2 b (b b ) [S (Q) 1] (5.6)− −= c cR S S La Mix RS
(3)
Δ (Q) 2 b (b b ) [S (Q) 1] (5.7)− −= c cR S S Mix Ce RS
2 b (b b ) [S (Q) 1]+ − −c c .R Ga Ga Mix Ce RGa
The S (Q) partial structure factors may be eliminated by subtracting a suit-Rµ
(i)
ably weighted ΔF (Q) (i 1 2 3) function from an F (Q) function to yield = , ,R 
Ce Lab b F (Q) b F (Q)−La La Ce(1)(1) LaΔF (Q) F (Q) − � ≡ bLa − bCe ΔFR (Q) ≡ bLa − bCe m m�




(2)(Q) LaF (Q) − bLa (2) bLa 
MixF (Q) − bMix LaF (Q) ≡ 
bLa − bMix ΔFLa (Q) ≡ bLa − bMix 




(3)(Q) MixF (Q) − bMix ΔFR (3)(Q) ≡ 
bMix 
CeF (Q) − bCe MixF (Q) ≡ 
bMix − bCe bMix − bCe 
= cµcµ� bµbµ� [Sµµ� (Q) − 1] − cR2 bMixbCe [SRR(Q) − 1] . (5.10) 
µ=1 µ�=1 
The real space functions G(r), ΔG
(i)
(r) and ΔG(i)(r) (i = 1, 2, 3) are obtained R 
by Fourier transforming the corresponding reciprocal space functions using the 
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(i) (i)ΔG ( ) QΔF (Q)sin(Qr)dQ, (5.13)r = 
where is the atomic number density of the glass and is a distance in real n r0 
La Mix CeIf three total structure factors F (Q), F (Q) and F (Q) have been 
measured, it is possible to separate the rare earth partial correlation functions 
S (Q) and ( ) using the second order diﬀerence function method, g r asRR RR
described in section 2.4.3. However, if the rare earth ion concentration § cR 
is too small, as it proves to be in the present study, then the weighting given 
to the S (Q) partial in the F (Q) function is also small and its extraction RR
� 
(i) (i)space. The relevant equations for G( ), ΔG ( ) and ΔG ( ) are obtained by r r rR 
� 
replacing each Sαβ(Q) by the corresponding partial pair distribution function 
gαβ(r) in the equations given for F (Q), ΔFR 
(i)
(r) and ΔF (i)(r), respectively. 
The theoretical low-r limit of these functions is given by the sum of the weight­
ing factors of the partial pair distribution functions gαβ(r) given in table 5.2. 
As shown by equation 2.12, the coordination number n¯α
β is obtained by inte­
grating over a relevant peak in real space. 
therefore becomes unfeasible. 
In an x-ray diﬀraction experiment, the scattered intensity is conventionally 
denoted by the total x-ray structure factor SX (Q) which, within the indepen­
dent atom approximation, is given by 
FX (Q)
















CHAPTER 5. STRUCTURE OF La/Ce-Ge-Ga-S GLASSES BY THE 
METHOD OF ISOMORPHIC SUBSTITUTION IN NEUTRON 
DIFFRACTION 
where fα(Q) represents the Q dependent neutral atom form factor for atomic 
species α. There is very little contrast between the form factors fLa(Q) and 
fCe(Q) since the atomic numbers are Z(La) = 57 and Z(Ce) = 58. Therefore, 
the x-ray diﬀraction patterns measured for samples containing these elements 
should be more-or-less identical provided the atomic structures are the same. 
The total x-ray pair distribution function GX (r) is obtained by Fourier trans­
forming the SX (Q) function. However, because the partial structure factors are 
weighted by Q-dependant form factors, the gαβ (r) correlations are convoluted 
by the Fourier transform of the form factors in real space. The coordination 
number n¯α
β cannot therefore be calculated by directly integrating over the rel­
evant peaks in the real space functions. Instead, if there is a clearly deﬁned 
peak in GX (r) that can be assigned to a particular gαβ (r), the FX (Q) function 
is divided by the weighting factor for the relevant Sαβ (Q) function such that 
in the Fourier transform the r-dependent weighting factor is removed from the 
gαβ (r) function of interest [191]. 
5.4 Experimental procedure 
5.4.1 Glass preparation 
Very high purity starting materials and inert synthesis environments are re­
quired for the preparation of chalcogenide glasses, since chemical and physical 
impurities inﬂuence the rare earth solubility, glass forming ability and opti­
cal properties of the material [145, 167, 169]. The R-Ge-Ga-S glass samples 
were therefore prepared by weighing the high purity starting constituents Ge 
(Aldrich, ≥ 3 mm chips, 99.999 %), Ga (Aldrich, 99.9999 %), S (Alfa Ae­
sar, pieces, Puratronic R (Alfa Aesar, powder 99.9 %) and �, 99.9995 %), La2S3 
Ce2S3 (Alfa Aesar, powder 99.9 %) in the correct proportions within a dry 
Argon ﬁlled glove box with levels of H2O ≤ 6 ppm and O2 ≤ 30 ppm. The 
Ge and S elements were powdered using a stainless steel and agate pestle and 
mortar, respectively, while the Ga, which has a melting point of 29.78 ◦C [68], 





poules of 5 mm inner diameter and 1 mm wall thickness. Prior to preparation, 
the ampoules had been cleaned using concentrated HF(aq) (Fisher, 40 wt. %), 
distilled water and acetone (Aldrich, 99.999 %) before being dried at 110 ◦C 
and de-gassed under ≈ 5 10−5 Torr vacuum at 750 ◦C for 2 hours. Cylindrical · 
ampoules promote the formation of homogeneous glasses by ensuring uniform 
thermal conduction throughout the sample during the quenching process [192] 
and their small size was chosen to increase the quench rate. The ampoules 
containing ≈ 3 g of starting materials were removed from the glovebox, evac­
uated at ≈ 5 10−5 Torr for ≥ 24 hours at room temperature and sealed under · 
vacuum. 
Due to the high temperature (up to 1100 ◦C [160, 190]) required for the 
synthesis of R-Ge-Ga-S glasses, the existing rocking tube furnaces in the Liq­
uid and Amorphous Materials (LAM) research laboratory were re-designed to 
operate at a higher maximum power output whilst maintaining temperature 
homogeneity over the entire length of the ampoule of ≈ 180 mm. The furnace 
elements were constructed by winding nichrome wire of 0.91 mm diameter 
around an alumina tube of 450 mm length, 40 mm inner diameter and 50 mm 
outer diameter using a Myford lathe. Homogenous windings were made at a 
rate of 12 revolutions per inch (rpi) along the ﬁrst 110 mm length of the tube, 
10 rpi along the central 230 mm length and 12 rpi along the remaining 110 mm 
length of tube. An alumina cement consisting of alumina powder, water and 
sodium silicate solution was cast ≈ 5 mm thick over the heating elements which 
were subsequently dried in an oven at 110 ◦C for 24 hours. The purpose of the 
cement layer was to provide mechanical strength, thermal insulation, and to 
prevent the oxidation of the nichrome wire during operation. The new furnace 
elements were further thermally insulated by wrapping them in a Kao wool 
refractory blanket. The elements were incorporated into the existing rocking 
tube furnace assembly, as illustrated in ﬁgure 5.2, and the void between the 
elements and furnace cladding was ﬁlled with vermiculite granules. Electrical 
current was supplied to the heating elements via a Eurotherm temperature 
controller, where the temperature was monitored at the central section of the 
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Figure 5.2: Rocking furnace schematic. (a) The rocking tube furnace assem­
bly. (b) Furnace cross section. (c) The furnace windings. The windings were 
wrapped in a Kao wool refractory blanket and vermiculite granules were used 




Figure 5.3: Temperature proﬁle of the rocking furnace operating at 1100 ◦C. 
furnace using a Pt/Rh thermocouple. The maximum operating power output 
P of the heating elements is calculated from 
V 2 2402 
P = = = 927 W, (5.15)
L Λ 28 2.22 · · 
where V is the maximum supply voltage from the Eurotherm temperature 
controller (where 240 V lies within the tolerance of the United Kingdom rms 
mains supply voltage), Λ = 2.22 Ωm−1 is the resistance per meter of the 
nichrome wire used, and L = 28 m is the length of wire used. The original 
furnace windings had a total resistance R = 74 Ω, providing a maximum 
operating power 
V 2 2402 
P = = = 778 W. (5.16)
R 74 
Thus, the maximum operating power of the furnace was increased by 19 % 
by reducing the resistance of the furnace windings. The temperature proﬁle 
of the improved furnace operating at 1100 ◦C is plotted in ﬁgure 5.3 and was 
determined by probing the temperature using a K-type thermocouple at 10 mm 
intervals along the length of the tube furnace. 
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Figure 5.4: The as quenched R-Ge-Ga-S glasses contained within silica am­
poules. 
The sealed ampoules containing the powdered starting materials were ﬁxed 
in position in the centre of the furnace using thin nichrome wire attached to 
hooks at each end of the ampoule. In order to ensure adequate mixing of the 
elements, the furnaces rocked continuously throughout the heating procedure 
at 5 rpm and at ± 45 ◦ relative to the horizontal axis. The samples were heated 
at a rate of 1 ◦C min−1 and held for 4 hours at 112 and 445 ◦C, corresponding to 
the melting and boiling points of S, and at 937 ◦C, corresponding to the melting 
temperature of Ge. These dwelling temperatures were important to prevent 
a sudden build up of vapour pressure, which in the case of sulphur is very 
high. Once the ﬁnal synthesis temperature of 1100 ◦C had been reached and 
held for ≥ 24 hours, the furnace was rotated vertically and held for a further 
12 hours before rapidly quenching the ampoule in ice water by cutting the wire 
that ﬁxed it in place. Two 3 g batches of each glass, containing either La, Ce 
or a 50:50 mixture of the two, were prepared to ﬁll the vanadium container 
used to hold the sample in the neutron diﬀraction experiment. Photographs 





On breaking open the ampoules, the samples did not come away very cleanly 
from the silica surface and were scraped oﬀ the silica surface using tweezers. 
The mean atomic fractions of the glasses, as averaged over all the samples, are 
cR = 0.0369(1), cGe = 0.1559(4), cGa = 0.1752(9) and cS = 0.632(1), forming 
the required molar composition of (R2S3)0.07(Ga2S3)0.33(GeS2)0.60. 
5.4.2 Sample characterisation 
Table 5.3: Properties of the (R2S3)0.07(Ga2S3)0.33(GeS2)0.60 glasses, where R 
represents La, Ce or a 50:50 mixture of the two. The measured mass density ρ 
and number density n0 are listed together with the glass transition temperature 








R ρ (g cm−3) n0 (˚ ) Tg (◦C) Tc (◦C) Tc (◦C) 
La 3.26(1) 0.0401(6) 430(2) 544.6(1) 574.8(1) 
Mix 3.27(1) 0.0402(6) 444(5) 599.4(1) – 
Ce 3.24(1) 0.0399(6) 446(2) 580.2(1) 604.0(1) 
The amorphous nature of the R-Ge-Ga-S glasses was conﬁrmed by the 
absence of crystalline Bragg peaks in the diﬀraction patterns obtained us­
ing a Philips θ − 2θ x-ray diﬀractometer with CuKα radiation of wavelength 
λKα1 = 1.54060 ˚ = A. The density of each of the A and λKα2 1.54439 ˚
samples was measured at the ISIS facility using a Quantachrome helium gas 
pycnometer and is listed in table 5.3. 
The glass transition temperature Tg, crystallisation temperature Tc and 
mass loss on heating of the glass samples were measured, after the neutron 
diﬀraction experiments had been performed, by diﬀerential scanning calorime­
try (DSC) and thermal gravimetric analysis (TGA) using a TA Instruments 
SDT Q600 machine. The ﬁnely powdered samples of mass ≈ 25 mg were con­
tained in alumina pans and heated over the temperature range 250 ◦C to 600 ◦C 
at a rate of 10.00 ◦C min−1 . The heat ﬂow and sample mass were recorded 
every 0.5 s and are plotted in ﬁgure 5.5. Nitrogen gas (BOC, Oxygen free), 
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Figure 5.5: Diﬀerential Scanning Calorimetry (DSC) and thermal gravimetric 
analysis (TGA) measurements for the (R2S3)0.07(Ga2S3)0.33(GeS2)0.60 glasses 
where (a) R = La, (b) R = Mix (denoting a 50:50 mixture of La and Ce), and 
(c) R = Ce. The black curves show the total heat ﬂow obtained from DSC 
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ﬂowing at 100 ml min−1, was used to purge the instrument of moisture and 
oxygen and to provide eﬃcient heat transfer between the sample pans and 
the DSC cell contacts. The mid-point glass transition temperature Tg was 
obtained by drawing a tangent line to the data in the transition region of the 
heat ﬂow to ﬁnd the point of inﬂection. The crystallisation temperature Tc is 
given by the position of the exothermic peak following Tg. The values of Tg and 
Tc are listed in table 5.3. All of the samples give similar traces although the 
glasses containing La exhibit two crystallisation peaks. The experiments were 
terminated before melting of the sample occurred due to the volatile nature of 
molten sulphur compounds, exempliﬁed by the observed sample mass loss in 
the vicinity of Tc. 
5.4.3 The 71Ga MAS NMR experiments 
Gallium has two nuclei observable by Nuclear Magnetic Resonance (NMR), 
namely 69Ga and 71Ga, both with a nuclear spin of I = 3/2 and natural 
abundances of 60.4 % and 39.6 %, respectively. However, despite its higher 
natural abundance, 69Ga spectra are more readily aﬀected by second-order 
quadrupolar broadening, giving less sensitivity and less resolution than for 
71Ga NMR [193]. 
A 71Ga Magic Angle Spinning (MAS) NMR experiment was performed on 
the (La2S3)0.07(Ga2S3)0.33(GeS2)0.60 glass by Dell and Smith [194] at the De­
partment of Physics, University of Warwick, using a 600 MHz Bruker Avance 
spectrometer with an applied magnetic ﬁeld B0 = 14.1 T producing a Larmor 
frequency of 183 MHz. The sample was contained within a Zirconia rotor of 
diameter 3.2 mm and was spun at a frequency of 20 kHz about an axis orien­
tated at the magic angle θM = 54.7
◦ relative to the applied magnetic ﬁeld B0 
in order to remove eﬀects from e.g. chemical shift anisotropy [195]. A spin-
echo sequence (1-τ -2 µs) was used with a recycle delay of 10 s and the time 
set to the reciprocal of the MAS frequency [196]. The resulting spectrum is 
plotted in ﬁgure 5.6, where the chemical shifts are referenced to Ga(H2O)
3+
6 at 





relatively short acquisition time of 2 hours. The main resonance observed at 
δ = 250(5) ppm is indicative of tetrahedral Ga sites, by comparison with the 
α and β phases of Ga2O3 [196]. 
5.4.4 The GEM neutron diﬀraction experiments 
Neutron diﬀraction experiments were performed on the R-Ge-Ga-S glasses at 
the ISIS facility using the GEM instrument, described in § 3.2.3, with a max­
imum scattering vector Qmax = A
−1 
. The samples were ﬁnely powdered 49.5 ˚
using an agate pestle and mortar and held in a cylindrical vanadium container 
of 6.8 mm inner diameter and 0.1 mm wall thickness at ambient temperature 
(≈ 25 ◦C). Diﬀraction patterns were taken for the samples in the vanadium 
container, the empty vanadium container, the empty instrument and a cylindri­
cal vanadium rod of diameter 8.36 mm. The intensities for each detector group 
were saved at regular intervals (every 500 µAhr−1) and no deviation between 
each scan was observed outside statistical variation, verifying the diﬀractome­
ter stability [197]. In order to attain good counting statistics, a total run time 
of ≈ 2750 µAhr per sample was made, which at an average ISIS beam cur­
rent of 170 µA equates to ≈ 18 hours of neutron counting time per sample. 
After eliminating non-functioning or noisy detectors, the GUDRUN analysis 
program [111] was used to process the data detector-by-detector, correcting for 
attenuation, background, multiple scattering and inelasticity eﬀects and nor­
malising to the vanadium standard. The results were then merged and the data 
sets for the Ce and mixture samples were also corrected for the contribution 
from Ce3+ paramagnetic scattering [36] (see § 2.2.1). 
The total structure factors LaF (Q), MixF (Q) and CeF (Q) of ﬁgure 5.7 
were Fourier transformed to give the total pair distribution functions LaG(r), 
MixG(r) and CeG(r) shown in ﬁgure 5.8. It was suggested, from a peak at 
1.60(1) A˚ in the G(r) functions, that the samples were contaminated by a small 
quantity of SiO2 glass from the silica ampoules. A scaled total structure factor 
for SiO2 glass, denoted 
SiF (Q), measured using the GEM instrument [198] was 
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Figure 5.7: The total structure factors F (Q) up to 10 ˚ for the 
(R2S3)0.07(Ga2S3)0.33(GeS2)0.60 glasses as measured on the GEM instrument 
for (a1) R = La, (a2) R = Mix (denoting a 50:50 mixture of La and Ce), and 
(a3) R = Ce (black curves) plotted together with the corresponding scaled 
SiF (Q) for silica as given by equations 5.17 to 5.19 and displaced by -0.3 barn 
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Figure 5.8: The total pair distribution functions G(r) for the 
(R2S3)0.07(Ga2S3)0.33(GeS2)0.60 glasses obtained by Fourier transforming the 
corresponding F (Q) functions given in ﬁgure 5.7 for (a1) R = La, (a2) R = Mix 
(denoting a 50:50 mixture of La and Ce), and (a3) R = Ce (black curves) 
plotted together with the corresponding SiG(r) for silica scaled according to 
equations 5.17 to 5.19) displaced by -0.4 barn (red curves). The G(r) functions 
corrected for SiO2 are given in (b1), (b2) and (b3). 
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such that 
LaF (Q) LaF (Q) − l Si F (Q),= (5.17)· 
MixF (Q) MixF (Q) − m Si F (Q),= (5.18)· 
CeF (Q) CeF (Q) − n Si F (Q),= (5.19)· 
where the scaling factors l = 0.045, m = 0.01 and n = 0.04 were chosen to 
eliminate the peak at 1.60(1) ˚ It is A in the G(r) functions (see ﬁgure 5.8). 
noted, however, that further NMR measurements on the La containing sample 
did not ﬁnd any evidence of a 29Si resonance [194]. Also, the GX (r) functions 
obtained from the subsequent x-ray diﬀraction measurements on the glasses, 
described below, did not ﬁnd any evidence of the Si-O peak at 1.60 A˚. Several 
factors may account for this discrepancy including the relatively low sensitivity 
of the 29Si nucleus in NMR, the relatively small atomic number of Si leading to 
low sensitivity by x-rays and since smaller samples were required for the NMR 
and x-ray diﬀraction experiments only small fractions of the bulk samples used 
in the neutron diﬀraction experiments were measured. As shown in ﬁgure 
5.8, the Si-O peak at 1.60(1) A˚ is clearly visible above the un-physical low-r 
oscillations in the measured G(r) functions and the O-O peak at 2.64(1) A˚ 
contributes to a shoulder on the nearest neighbour peak. The correction for 
silica proved to be essential in order to (i) obtain reasonable agreement between 
the reciprocal space functions and the back transforms of the corresponding 
real space functions after the un-physical low-r oscillations had been set to 
their theoretical G(0) limit, and (ii) obtain consistent values for the calculated 
coordination numbers. 
Further self consistency checks were performed on the data sets to en­
sure that each corrected F (Q) function obeys the sum-rule relation (see equa­
tion 2.11) and that the low-r features in the corresponding real space functions 





5.4.5 The ID15B x-ray diﬀraction experiments 
In order to conﬁrm the glass samples were isomorphic, high energy x-ray 
diﬀraction experiments were performed on the ID15B beamline at the ESRF, 
France, described in § 3.5.2. A MAR345 image plate detector was used, in the 
setup shown in ﬁgure 3.12, with a detector to sample distance D = 303.552 mm 
and an incident x-ray energy of 88.76 keV. The ﬁnely powdered samples were 
held in a washer and sealed each side with kapton 77-80 tape to give an ap­
proximate slab geometry with a sample thickness of 1.0 mm. Two dimensional 
diﬀraction patterns were taken at ambient temperature (≈ 25 ◦C) for the three 
samples in their container, the empty container, the empty instrument and a 
piece of Pb of thickness 10.2 mm covering the incident beam aperture. An 
example of a measured two dimensional x-ray diﬀraction pattern is plotted in 
ﬁgure 5.9. The FIT2D [199] analysis program was used to correct the data for 
geometrical eﬀects, such as non-orthogonality of the detector relative to the 
incident beam, and polarisation of the incident beam before integrating over 
the two dimensional regions to produce a one dimensional diﬀraction pattern. 
The detector regions covered by the beam stop or bad pixels were masked oﬀ 
such that they did not inﬂuence the results of the integration. 
Each data set was normalised to the incident beam intensity and, follow­
ing the procedure detailed in § 3.7, corrected for background scattering and 
attenuation eﬀects and scaled to ﬁt the sum of the Compton scattering cross 
section (given in Ref. [200]) and self scattering 
�
α cαfα(Q)
2 contributions at 
high Q values, where the neutral atom form factors fα(Q) were taken from 
Ref. [201]. The ﬁt is plotted in ﬁgure 5.10 and was performed over the region 
4 ≤ Q(A˚−1 ) ≤ 15. The Compton scattering contribution was subtracted to 
obtain the Rayleigh-Thomson diﬀerential scattering cross-section, from which 
the total x-ray structure factor SX (Q) was obtained. 
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Figure 5.9: Two dimensional image plate x-ray diﬀraction pattern for the 
(La2S3)0.035(Ce2S3)0.035(Ga2S3)0.33(GeS2)0.60 glass taken on the ID15B beam-
line at the ESRF, France, using a MAR345 image plate detector. 
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5.4. EXPERIMENTAL PROCEDURE

Figure 5.10: Contributions to the total x-ray scattered intensity for the 
(R2S3)0.07(Ga2S3)0.33(GeS2)0.60 glasses, where (a) R = La, (b) R = Mix, de­
noting a 50:50 mixture of La and Ce, and (c) R = Ce, as measured on the 
ID15B beamline at the ESRF. The dashed (blue) curves show the self scatter­
ing, the chained (green) curves show the Compton scattering, the solid (red) 
curves show the sum of the self scattering and Compton scattering and the 
solid (black) curves show the x-ray diﬀraction data that have been normalised 
by ﬁtting to the sum of the self scattering and Compton scattering intensities. 
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5.5 Results 
The total structure factors LaF (Q), MixF (Q) and CeF (Q) for the R-Ge-Ga-S 
glasses, as measured by neutron diﬀraction on the GEM instrument at ISIS, are 
plotted in ﬁgure 5.11. The total pair distribution functions LaG(r), MixG(r) and 
CeG(r) are plotted in ﬁgure 5.12 and were obtained by Fourier transforming 
the corresponding F (Q) functions after making a Harwell spline ﬁt [115] to 
A
−1 
the data and applying a cosine window function between 25 and 30 ˚ . The 
positions of the leading peaks in the F (Q), G(r) and corresponding diﬀerence 
functions are listed in table 5.4 together with the coordination number n¯Ge
S or 
n¯S obtained from the real space functions as detailed below. R 
The F (Q) functions exhibit a ﬁrst sharp diﬀraction peak (FSDP), indicative 
of ordering on intermediate length scales [116], at q1 � 1.05(2) ˚ .A−1 There 
is a clear contrast in intensity between the F (Q) functions, particularly in 
the vicinity of the FSDP which experiences an increase in height with the 
substitution of La by Ce. This is emphasised by the ﬁrst order diﬀerence 
functions ΔFR 
(i)
(Q) (i = 1, 2, 3) plotted in ﬁgure 5.13 which exhibit a trough 
at q1 � 1.05(2) A˚ that must therefore result from one or more of the SRR(Q) 
and SRµ(Q) partial structure factors. 
The ﬁrst peak at r1 � 2.25(2) A˚ in the G(r) functions is attributed to a 
superposition of the nearest neighbour Ge-S and Ga-S correlations by compar­
ison with the nearest neighbour distances 2.17 ≤ rGeS (A˚) ≤ 2.27 reported for 
crystalline GeS2 [205–207] and 2.08 ≤ rGaS (A˚) ≤ 2.46 reported for crystalline 
Ga2S3 [208–210]. Assuming the number of homopolar bonds to be negligible, 
a coordination number of n¯Ge
S = 3.9(1) was obtained from the ﬁrst peak in 
the G(r) functions by integrating over the range 2.02 ≤ r (A˚) ≤ 2.64 and sub­
tracting the contribution to the peak area from the Ga-S correlations by taking 
n¯Ga
S = 4, as conﬁrmed by the 71Ga MAS NMR spectrum (see ﬁgure 5.6). How­
ever, a small shoulder is present on the ﬁrst peak at r � 2.55 A˚. This shoulder 
cannot be safely attributed to Ge-S or Ga-S correlations since, in crystalline 
R-Ge-S [203, 211, 212] and R-Ga-S [204] materials, where R denotes a large 
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Figure 5.11: The total structure factors (a) LaF (Q), (b) MixF (Q), and 
(c) CeF (Q) for the (R2S3)0.07(Ga2S3)0.33(GeS2)0.60 glasses as measured by neu­
tron diﬀraction on the GEM instrument at ISIS. The bars represent the sta­
tistical errors and the solid (red) curves are the Fourier back-transforms of 
the corresponding G(r) functions, plotted in ﬁgure 5.12, after the un-physical 
low-r oscillations are set to the theoretical G(0) limits listed in table 5.2. 
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Figure 5.12: The total pair distribution functions (a) LaG(r), (b) MixG(r), and 
(c) CeG(r) for the (R2S3)0.07(Ga2S3)0.33(GeS2)0.60 glasses as obtained by Fourier 
transforming the corresponding F (Q) functions in ﬁgure 5.11 after making a 
Harwell spline ﬁt [115] to the data and applying a cosine window function 
A
−1 
between 25 and 30 ˚ . The dashed (red) curves indicate the extent of the 
un-physical low-r oscillations. 
109 







(Q) = MixF(Q) - CeF(Q)

































(Q) = LaF(Q) - CeF(Q)
CHAPTER 5. STRUCTURE OF La/Ce-Ge-Ga-S GLASSES BY THE 
METHOD OF ISOMORPHIC SUBSTITUTION IN NEUTRON 
DIFFRACTION 
Figure 5.13: First order diﬀerence functions (a) ΔFR 
(1)





(Q), for the (R2S3)0.07(Ga2S3)0.33(GeS2)0.60 glasses. The bars rep­
resent the statistical errors. The solid (red) curves are the Fourier back-
transforms of the corresponding ΔG
(i)
(r) (i = 1, 2, 3) functions, plotted in R 
ﬁgure 5.15, after the un-physical low-r oscillations up to the onset of the near­
est neighbour bond distance in the G(r) functions (rcut = A) are set to 2.02 ˚
the theoretical ΔG
(i)
(0) limits listed in table 5.2. The dashed (blue) curves are R 
the Fourier back-transforms of the corresponding ΔGR 
(i)
(r) (i = 1, 2, 3) func­
tions after the un-physical low-r oscillations, up to the onset of the R-S peak 
(rcut = 2.76 ˚
(i)
A), are set to the theoretical ΔGR (0) limits. 
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Figure 5.14: Partial pair distribution (PDF) functions pαβ(r) involving La 
calculated using the DISCUS program [202] from the unit cell parameters 
of (a) crystalline La2GeS5 [203] and (b) crystalline LaGaS3 [204] for neutron 
radiation and neglecting the broadening eﬀect of thermal motions. 
those reported for GeS2 [205–207] and Ga2S3 [208–210]. Instead, by compari­
son with the nearest neighbour Ga-Ga bond distances 2.44 ≤ rGaGa (A˚) ≤ 2.82 
reported for liquid Ga [213–218] and rGaGa = A reported for crystalline 2.48 ˚
Ga [219], the shoulder may indicate the existence of Ga-Ga homopolar bonds. 
Integrating the G(r) functions over a shorter range of 2.02 ≤ r (A˚) ≤ 2.52 to 
exclude this shoulder results in a smaller coordination number n¯S � 3.6(1)Ge 
suggesting that the Ga-Ga correlations do play a small but important role in 
the bonding of the basic structural units. 
The second much smaller peak in the G(r) functions at a mean distance 
r2 = A undergoes a progressive reduction in intensity from the glass 2.97(3) ˚
containing La to the mixture to Ce, which is consistent with this peak arising 
from correlations involving the rare earth ion since bLa > bMix > bCe. The peak 
111

CHAPTER 5. STRUCTURE OF La/Ce-Ge-Ga-S GLASSES BY THE 
METHOD OF ISOMORPHIC SUBSTITUTION IN NEUTRON 
DIFFRACTION 
is attributed to the nearest neighbour R-S correlations by comparison with 
the partial atomic pair distribution (PDF) functions plotted in ﬁgure 5.14, as 
calculated from the unit cell parameters of the La2GeS5 [203] and LaGaS3 [204] 
crystal structures using the DISCUS program [202]. The coordination number 
n¯R 
S was obtained from the R-S peak in the G(r) functions by integrating over 
the range 2.76 ≤ r (A˚) ≤ 3.19. However, diﬀerent values were obtained from 
each G(r) (see table 5.4) which may indicate that other correlations involving 
matrix atoms also contribute to the peak. 
The real space ﬁrst order diﬀerence functions ΔGR 
(i)
(r) (i = 1, 2, 3) are 
plotted in ﬁgure 5.15 and were obtained by Fourier transforming the corre­
sponding ΔFR 
(i)
(Q) functions after making a Harwell spline ﬁt [115] to the 
data and applying a cosine window function between 15 and 20 A˚
−1 
. By com­
parison with the calculated PDF functions shown in ﬁgure 5.14, the ﬁrst peak 
in the ΔGR 
(i) 
A is attributed to the (r) functions at a mean distance r2 = 3.09(3) ˚
nearest neighbour R-S correlations alone, the second peak at a mean distance 
r3 = A is attributed to a superposition of R-Ge and R-Ga correla­3.86(5) ˚
tions and the third peak at a mean distance r4 = 4.65(5) A˚ is consistent with 
the nearest neighbour R-R distance. It is noted, however, that the Fourier 
backtransforms of the ΔGR 
(i)
(r) functions after the low-r oscillations, up to the 
onset of the R-S peak at rcut = A, are set to the theoretical ΔG
(i)
(0)2.76 ˚ R 
limits (listed in table 5.2) do not agree with the ΔFR 
(i)
(Q) functions at low 
Q values (see ﬁgure 5.13). This suggests that the µ-µ� correlations, involving 
only the matrix atoms (µ, µ� = Ge, Ga, S), are not entirely eliminated in the 
ﬁrst order diﬀerence functions. The Fourier backtransforms of the ΔGR 
(i)
(r) 
functions after the low-r oscillations up to the onset of the nearest neighbour 
peak in the G(r) functions at rcut = 2.02 ˚ R 
(i)
(0)A are set to the theoretical ΔG
limits are, however, in good overall agreement with the ΔFR 
(i)
(Q) functions. 
Nevertheless, consistent values were obtained for the coordination number n¯R 
S 
from the R-S peak in the ΔGR 
(i)
(r) functions (see table 5.4) by integrating over 
the range 2.76 ≤ r (A˚) ≤ 3.50 giving a mean value of n¯S = 8.1(2).R 
The total minus weighted diﬀerence functions ΔF (i)(Q) (i = 1, 2, 3) are 
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(b) ΔGR (r) and (c) ΔGR (r), for the (R2S3)0.07(Ga2S3)0.33(GeS2)0.60 glasses, 
as obtained by Fourier transforming the corresponding ΔFR 
(i)
(Q) (i=1,2,3) 





the data and applying a cosine window function between 15 ˚ and 20 ˚ . 
The dashed curves indicate the extent of the un-physical low-r oscillations. 
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Figure 5.16: Total minus weighted diﬀerence functions (a) ΔF (1)(Q), 
(b) ΔF (2)(Q), and (c) ΔF (3)(Q) for the (R2S3)0.07(Ga2S3)0.33(GeS2)0.60 glasses. 
The bars represent the statistical errors and the solid (red) curves are the 
Fourier back-transforms of the corresponding ΔG(i)(r) functions, plotted in 
ﬁgure 5.18, after the un-physical low-r oscillations are set to the theoretical 
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5.5. RESULTS

Figure 5.17: Diﬀerences between the total minus weighted diﬀerence functions 
plotted in ﬁgure 5.16 where (a) ΔF (1)(Q)−ΔF (2)(Q), (b) ΔF (1)(Q)−ΔF (3)(Q) 
and (c) ΔF (2)(Q)−ΔF (3)(Q) are zero within the statistical errors (represented 
A
−1 
by the bars) beyond Q � 5 ˚ . 
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Figure 5.18: Real space total minus weighted diﬀerence functions (a) ΔG(1)(r), 
(b) ΔG(2)(r) and (c) ΔG(3)(r) for the (R2S3)0.07(Ga2S3)0.33(GeS2)0.60 glasses, 
as obtained by Fourier transforming the corresponding ΔF (i)(Q) functions, 





applying a cosine window function between 25 ˚ and 30 ˚ . The dashed 




plotted in ﬁgure 5.16. They exhibit an FSDP at q1 = A
−1 





higher, relative to the peaks at q2 � 2.22(2) ˚ and q3 = 3.67(2) ˚ , by 
comparison to the F (Q) functions. As plotted in ﬁgure 5.17, there are some 
small diﬀerences between the ΔF (i)(Q) functions at low Q. However, beyond 
A
−1 
Q � 5 ˚ the ΔF (i)(Q) are identical within the statistical uncertainty. The 
ΔG(i)(r) functions are plotted in ﬁgure 5.18 and were obtained by Fourier 
transforming the corresponding ΔF (i)(Q) functions after making a Harwell 
spline ﬁt [115] to the data and applying a cosine window function between 25 
and 30 ˚ . 
(i)
(r) functions is A
−1 
The R-S peak observed in the G(r) and ΔGR 
not present in these functions, which suggests that the R − µ correlations have 
been successfully eliminated. The ﬁrst peak at r1 � 2.24(2) A˚ is attributed to 
a superposition of the Ge-S and Ga-S correlations, as for the G(r) functions. 
Assuming the number of homopolar bonds to be negligible, a mean coordina­
tion number of n¯Ge
S � 4.1(1) was obtained from the ﬁrst peak in the ΔG(i)(r) 
functions by integrating over the range 2.02 ≤ r A) ≤ 2.64 and subtract­(˚
ing the contribution to the peak area from the Ga-S correlations, for which 
n¯Ga
S = 4. 
The total x-ray structure factors LaSX (Q), 
MixSX (Q) and 
CeSX (Q) for the 
R-Ge-Ga-S samples, as measured by x-ray diﬀraction on the ID15B beamline 
at the ESRF, are plotted in ﬁgure 5.19. As shown by ﬁgure 5.20, the diﬀerence 
between the SX (Q) functions for the three R-Ge-Ga-S samples is zero within 
the statistical error at all Q values. This conﬁrms that the samples are indeed 
structurally isomorphic. The total x-ray pair distribution functions LaGX (r), 
MixGX (r) and 
CeGX (r) are plotted in ﬁgure 5.21 and were obtained by Fourier 
transforming the corresponding SX (Q) functions after truncating at a maxi­
mum scattering vector Qmax = A
−1 
The ﬁrst peak at r1 2.25(2) ˚18 ˚ . = A is 
attributed to a superposition of the Ge-S and Ga-S correlations, by comparison 
with the neutron diﬀraction results. In x-ray diﬀraction, the form factors for 
Ga and Ge are virtually identical, since the atomic numbers are Z(Ga) = 31 
and Z(Ge) = 32. Therefore, by converting the SX (Q) function to FX (Q) 
and dividing by 2cSfS(Q)fGe(Q), the r-dependent weighting factor is removed 
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Figure 5.19: The measured total x-ray structure factors (a) LaSX (Q), 
(b) MixSX (Q), and (c) 
CeSX (Q) for the (R2S3)0.07(Ga2S3)0.33(GeS2)0.60 glasses 
as measured by x-ray diﬀraction on the ID15B beamline at the ESRF. The solid 
circles represent the measured data points, where the symbol size is larger than 
the statistical error. The solid (red) curves are the Fourier back-transforms of 
the corresponding total pair distribution functions GX (r) of ﬁgure 5.21 after 
the un-physical low-r oscillations are set to the theoretical GX (0) = 0 limit. 
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Figure 5.20: Diﬀerences between the total x-ray structure factors plotted in 
ﬁgure 5.19 where (a) CeSX (Q) −La SX (Q), (b) CeSX (Q) −Mix SX (Q), and (c) 
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Figure 5.21: Total x-ray pair distribution functions (a) LaGX (r), (b) 
MixGX (r), 
and (c) CeGX (r) obtained by Fourier transforming the corresponding SX (Q) 
functions of ﬁgure 5.19 after truncating at a maximum scattering vector 
A
−1 





from the gGeS(r) and gGaS(r) partial pair distribution functions in the Fourier 
transform [191]. A coordination number n¯Ge
S � 4.0(1) was calculated from the 
ﬁrst peak in the resulting real space functions by integrating over the range 
1.90 ≤ r (A˚) ≤ 2.64 and subtracting the contribution to the peak area from 
the Ga-S correlations, for which n¯Ga
S = 4 was conﬁrmed by the 71Ga MAS 
NMR spectrum (see ﬁgure 5.6). The second peak in the GX (r) functions at 
r2 = A is attributed to the R-S correlations, by comparison with the 3.03(3) ˚
neutron diﬀraction results. The peak is much more prominent in the x-ray 
GX (r) functions by comparison to the neutron G(r) functions, owing to the 
greater x-ray scattering power of the high Z rare earth ions by comparison 
with the matrix species. By converting each SX (Q) function to FX (Q) and 
dividing by 2cScRfR(Q)fS(Q), consistent values were obtained for the coordi­
nation number n¯S from the R-S peak in the resulting Fourier transform by R 
integrating over the range 2.70 ≤ r A) ≤ 3.19 (see table 5.4). (˚ The x-ray 
diﬀraction data give a mean value of n¯R 
S = 8.4(2). 
5.6 Discussion 
Very few structural studies have been performed on the glassy R-Ge-Ga-S sys­
tem and crystal structures of this system are not reported in the literature. 
Crystal structures are, however, reported for R-Ge-S and R-Ga-S systems con­
taining the rare earth ions R = La, Ce, Pr, Eu, Dy, Ho, Er, Yb or Y, for which 
the details of the nearest neighbour coordination environment of the rare earth 
ions are listed in table 5.5. The local structure of R2S3-Ga2S3-GeS2 glasses has 
been studied by EXAFS spectroscopy [186–189, 227] and Raman spectroscopy 
has also been performed to investigate the solubility mechanism of La3+ [158] 
and Er3+ [156] in GeS2-Ga2S3 glasses. The Raman measurements propose a 
structural model in which the R3+ ion acts as a charge compensator to non-
bridging S atoms and GaS−4
1 tetrahedra in the glass network. 
The ﬁrst peak in the G(r) and GX (r) functions at r1 � 2.25(2) A˚ mea­
sured in the present study is attributed to a superposition of Ge-S and Ga-S 
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Table 5.5: The R-S nearest neighbour distance rRS, average coordination num­
ber n¯R 
S and the minimum nearest neighbour R-R distance rRR (min) for R-Ge-S 
or R-Ga-S crystal structures, where R represents a rare earth element La, Ce, 
Pr, Eu, Dy, Ho, Er, Yb or Y. 
Crystal rRS (A˚) n¯
S 
R rRGe (A˚) rRGa (A˚) rRR (min) (A˚) Reference 
La2GeS5 2.84-3.33 8.5 3.77-4.26 – 4.30 [203] 
LaGaS3 2.82-3.48 8.3 – 3.50-4.39 4.33 [204] 
Ce4(GeS4)3 2.86-3.37 9 3.69-4.32 – 4.01 [211] 
Pr4Ge3S12 2.70-3.70 9 3.69-4.08 – 3.99 [212] 
Eu2GeS4 2.99-3.10 8.5 3.53-4.00 – 4.06 [220] 
EuGa2S4 3.05-3.12 8 – 3.83-3.93 5.10 [221] 
Dy6Ge2.5S14 2.68-3.05 7 3.27-4.25 – 4.22 [222] 
Ho3Ge1.25S7 2.69-3.01 7 3.21-4.25 – 4.20 [223] 
Er3GaS6 2.59-2.96 7 – 3.56-4.40 3.83 [224] 
YbGa2S4 2.99-3.06 8 – 3.74-4.40 4.99 [225] 
Y3Ge1.25S7 2.74-3.02 7 3.23-4.26 – 4.21 [226] 
correlations. This is consistent with the bond distances of rGeS 2.21(1) ˚= A 
and rGaS = 2.31(1) A˚ measured by EXAFS for (La2S3)0.30(Ga2S3)0.50(GeS2)0.20 
glass [187]. The measured coordination numbers n¯SGe = 4 and n¯
S
Ga = 4 from the 
present study are also in agreement with EXAFS results that are invariant with 
composition [187, 227]. The mean R-S bond distance rRS = 3.03(9) A˚ obtained 
from the present study is in agreement with the range of R-S bond distances 
found in R-Ge-S and R-Ga-S crystal structures (see table 5.5). The EXAFS 
measurements give R-S bond distances rLaS = 2.990 ˚ A in A and rCeS = 2.961 ˚
(R2S3)0.30(Ga2S3)0.50(GeS2)0.20 glass which undergoes an overall reduction of 
0.28 ˚ This is consistent with the A with the substitution of La by Lu [186]. 
reduction in ion radius caused by the lanthanoid contraction and is supported 
by the reduction in the R-S bond distances reported for crystalline structures 
as R is changed from La to Y (see table 5.5). 
A mean coordination number n¯R 
S = 8.1(2) was obtained from the ﬁrst order 
diﬀerence functions in the neutron diﬀraction experiment and a mean value 
of 8.4(2) was obtained from the R-S peak in the total x-ray pair distribution 





in the literature for crystalline La2GeS5 [203] and LaGaS3 [204] and, from 
EXAFS measurements, glassy La2S3-Ga2S3 [227] and Ce2S3-Ga2S3GeS2 [186]. 
The values for the coordination number n¯R 
S compare with characteristic values 
Oof n¯R � 8 for large rare earth ions in R-P-O [228] and R-Al-Si-O [58] glasses. 
5.7 Conclusions 
The structure of (R2S3)0.07(Ga2S3)0.33(GeS2)0.60 glass, where R denotes La, Ce 
or a 50:50 mixture of the two, was studied using a combination of neutron 
diﬀraction, high energy x-ray diﬀraction and 71Ga MAS NMR. The total x-ray 
structure factor for the samples are identical at all Q values conﬁrming that 
the samples are structurally isomorphic. The main resonance in the 71Ga MAS 
NMR spectrum at δ = 250(5) ppm is attributed to 4 fold coordinated Ga by 
comparison with the α and β phases of Ga2O3 [196]. This is consistent with 
the neutron and x-ray diﬀraction results which give a coordination number of 
n¯SGe = 4 when n¯
S
Ga = 4. Evidence for Ga-Ga homopolar bonds was found in 
the neutron diﬀraction results. 
A mean nearest neighbour R-S bond distance of rRS = 3.03(3) A˚ is obtained 
from the neutron and x-ray diﬀraction measurements. The ﬁrst order diﬀerence 
functions ΔFR 
(i) 
(i = 1, 2, 3) and total x-ray pair distribution functions GX (r) 
give coordination numbers n¯R 
S = 8.1(2) and n¯R 
S = 8.4(2), respectively. Since 
the atomic concentration cR = 3.68 % of the rare earth ions is close to the 
rare earth solubility limit in this glass system [171], the ﬁrst order diﬀerence 
functions provide an estimate for the minimum separation of rare earth ions 





6. Structure of La/Ce-Ge-Ga-Se 
glasses by the method of 
isomorphic substitution in 
neutron diﬀraction 
6.1 Introduction 
The aim of this experiment is to use the method of isomorphic substitution 
in neutron diﬀraction to measure the structure of a R-Ge-Ga-Se glass, where 
R represents La or Ce. The phase diagram for the La2Se3-Ga2Se3-GeSe2 sys­
tem is plotted in ﬁgure 6.1 [162], where the glass forming region is extended 
signiﬁcantly, by comparison with the sulphide system (see ﬁgure 5.1), to ap­
proximately 50 mol% Ga2Se3 and approximately 25 mol% La2Se3. The glass 
composition (R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60 was chosen for investigation to 
match the sulphide composition studied in chapter 5. This composition also 
lies well within the glass forming region of ﬁgure 6.1 and contains a relatively 
large atomic fraction of rare earth ion cR = 3.68 % which is required to obtain 
a measurable scattering intensity contrast for the diﬀerent rare earth glasses. 
The structure and properties of the R-Ge-Ga-Se glass will also be compared 
to the structure of glassy GeSe2 [229] and (GeSe2)0.87(Ga2Se3)0.13 as measured 
by neutron diﬀraction to investigate the eﬀect on the glass structure of adding 
Ga2Se3 followed by R2Se3. 
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Figure 6.1: The glass forming region for the ternary system R2Se3-Ga2Se3 ­
GeSe2, where R=La [162]. The open circles denote glass forming compositions, 
the stars denote partially crystalline compositions and the solid (red) circles 
denote glass compositions synthesised for this study. 
6.2 Theory 
As derived in § 2.2, the coherent scattered intensity obtained by a neutron 
diﬀraction experiment on a R-Ge-Ga-Se glass is represented by the total struc­
ture factor 
n n
F (Q) = 
�� 
cαcβ bαbβ[Sαβ (Q) − 1], (6.1) 
α=1 β=1 
where n = 4 is the total number of chemical species denoted by α or β, cα 
and bα represent the atomic fraction and coherent neutron scattering length 
of chemical species α, respectively, Sαβ (Q) is a Faber-Ziman partial structure 





neutron scattering lengths are bSe = 7.970(9) fm, bGa = 7.288(2) fm, bGe = 
8.185(20) fm, bLa = 8.24(4) fm and bCe = 4.84(2) fm [30]. Expanding in terms 
of the partial structure factors Sµµ� (Q), that involve only the matrix atom 
species (Ge, Ga, Se), and the partial structure factors SRµ(Q) or SRR(Q), that 
involve the rare earth species R, we can write F (Q) as 
F (Q) = c 2 b2 [SRR(Q) − 1] + 2cRcSebRbSe [SRSe(Q) − 1]R R 




cµcµ� bµbµ� [Sµµ� (Q) − 1] , (6.2) 
µ=1 µ�=1 
where m = 3 is the total number of matrix atom species denoted by µ or µ�. 
If the F (Q) functions are measured for samples containing the rare earth iso­
morphs La3+ or Ce3+, for which the neutron scattering lengths bLa > bCe, then 
diﬀerence function methods can be employed. The Sµµ� (Q) partial structure 
factors may be eliminated by subtracting the two F (Q) functions to yield the 
ﬁrst order diﬀerence function ΔFR 
(1)
(Q), deﬁned as 





[SRR(Q) − 1] , (6.3) 
where the matrix to rare earth diﬀerence function is given by 
Δ
(1) 
(Q) = 2cRcSebSe (bLa − bCe) [SRSe(Q) − 1] (6.4)Rµ
+ 2cRcGebGe (bLa − bCe) [SRGe(Q) − 1] 
+ 2cRcGabGa (bLa − bCe) [SRGa(Q) − 1] . 
The SRµ(Q) partial structure factors may be eliminated by subtracting a suit­
ably weighted ΔFR 
(1)
(Q) function from the LaF (Q) function to yield the so 
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called “total minus weighted diﬀerence function” given by

ΔF (1)(Q) LaF (Q) − bLa (1) bLa 
CeF (Q) − bCe LaF (Q) ≡ 




cµcµ� bµbµ� [Sµµ� (Q) − 1] − cRbLabCe [SRR(Q) − 1] . (6.5) 
µ=1 µ�=1 
(1)
The real space functions G(r), ΔGR (r) and ΔG
(1)(r) are obtained by Fourier 
transforming the corresponding reciprocal space functions using the relations 
1 
� ∞











where n0 is the atomic number density of the glass and r is a distance in real 
(1)
space. The relevant equations for G(r), ΔGR (r) and ΔG
(1)(r) are obtained by 
replacing each Sαβ(Q) by the corresponding partial pair distribution function 
gαβ(r) in the equations given for F (Q), ΔFR 
(1)
(r) and ΔF (1)(r), respectively. 
The theoretical low-r limit of these functions is given by the sum of the weight­
ing factors of the partial pair distribution functions gαβ(r) as listed in table 
6.1. As given in equation 2.12, the coordination number n¯βα is obtained by 
integrating over a relevant peak in real space. 
6.3 Experimental procedure 
6.3.1 Sample preparation 
The R-Ge-Ga-Se glasses were prepared by weighing the high purity elements 
Ge (Aldrich, ≥ 3 mm chips, 99.999 %), Ga (Aldrich, 99.9999 %), Se (Aldrich, 
� 2 mm pellets, 99.999 + %), La (Alpha Aesar, 1 mm thick foil, 99.9 %) and 
Ce (Alpha Aesar, 1 mm thick foil, 99.9 %) in the correct proportions within 
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a dry Argon ﬁlled glove box at the ISIS facility with levels of H2O ≤ 2 ppm 
and O2 ≤ 2 ppm. The Ge and Se elements were powdered using a stainless 
steel and an agate pestle and mortar, respectively, and the Ga was melted on 
a hotplate. Strips of La and Ce elements were cut from the supplied foils. 
The rare earths were incorporated in their elemental form as the correspond­
ing selenides are not readily available from commercial suppliers. Following 
the procedure outlined in § 5.4.1, the samples were sealed in evacuated silica 
ampoules and heated in a rocking furnace at a rate of 1 ◦C min−1, holding 
for 4 hours at 221 and 685 ◦C, corresponding to the melting and boiling tem­
peratures of Se, respectively, at 795 or 920 ◦C, corresponding to the melting 
temperatures of Ce and La, respectively, and at 937 ◦C, corresponding to the 
melting temperature of Ge. Once the ﬁnal synthesis temperature of 1100 ◦C 
had been reached and held for ≥ 24 hours, the furnace was rotated vertically 
and held for a further ≥ 12 hours before quenching the glass in an ice-water 
mixture. Four 3 g batches of glass were prepared to ensure that the vanadium 
sample container used in the neutron diﬀraction experiment would be ﬁlled. 
On breaking open the ampoules, the samples came away cleanly from the sil­
ica surface. The mean atomic fractions averaged over all of the samples are 
cR = 0.037(1), cGe = 0.157(4), cGa = 0.174(1) and cSe = 0.632(3), forming the 
required molar composition (R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60. 





A 3 g batch of glass of composition (GeSe2)0.87(Ga2Se3)0.13 was also pre­
pared following the same procedure outlined for the R-Ge-Ga-Se samples using 
a dry Argon ﬁlled glove box environment to ﬁll the silica ampoule, with levels 
of H2O ≤ 6 ppm and O2 ≤ 30 ppm, and quenching the ampoule from 1150 ◦C 
in an ice-water mixture. 
6.3.2 Sample characterisation 
Table 6.2: Properties of the GeSe2, (GeSe2)0.87(Ga2Se3)0.13 (denoted Ge-Ga-Se) 
and (R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60 glasses (denoted R-Ge-Ga-Se), where R 
represents La or Ce. The mass density ρ and number density n0 are listed to­
gether with the glass transition temperature Tg, crystallisation temperature Tc 
and change in heat capacity ΔCP at Tg as measured by modulated diﬀerential 
scanning calorimetry. 
Glass ρ (g cm−3) n0 (A˚

























The amorphous nature of the R-Ge-Ga-Se samples was conﬁrmed by the 
absence of crystalline Bragg peaks in the diﬀraction patterns obtained using a 
Philips θ − 2θ x-ray diﬀractometer with CuKα radiation of wavelength λKα1 = 
1.54060 A˚ and λKα2 = A.1.54439 ˚ The density of each of the samples was 
measured at the ISIS facility using a Quantachrome helium gas pycnometer 
and the values are listed in table 6.2 (the density of GeSe2 was taken from 
Ref. [192]). 
The glass transition temperature Tg, crystallisation temperature Tc and 
change in heat capacity ΔCp for the glass samples were measured, after the 
neutron diﬀraction experiments had been performed, by modulated diﬀeren­
tial scanning calorimetry (MDSC) using a TA Instruments DSC Q100 machine. 
The ﬁnely powdered samples of mass ≈ 30 mg were contained in crimped alu­
minium pans and heated over the temperature range 300 ≤ T ◦C ≤ 550 at 
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Figure 6.3: Modulated diﬀerential scanning calorimetry (MDSC) scans 
for the glass samples (a) GeSe2, (b) (GeSe2)0.87(Ga2Se3)0.13, and (c) 
(La2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60, where the blue curve denotes the reversible 
heat ﬂow, the red curve denotes the non-reversible heat ﬂow and the black 
curve denotes the reversible heat capacity Cp signal. For clarity, the reversible 





a rate of 3.00 ◦C min−1 with a temperature modulation of ± 1.00 ◦C min−1 . 
Nitrogen gas (BOC, Oxygen free), ﬂowing at 50 ml min−1, was used to purge 
the instrument of moisture and oxygen and to provide eﬃcient heat trans­
fer between the sample pans and the DSC cell contacts. The reversible and 
non-reversible components of the heat ﬂow and heat capacity Cp were recorded 
every 0.2 s and are plotted in ﬁgure 6.3. The mid-point glass transition temper­
ature Tg was obtained by drawing a tangent line to the data in the transition 
region of the reversible heat ﬂow to ﬁnd the point of inﬂection. The change 
in heat capacity ΔCp through Tg was obtained from the observed step in the 
reversible heat capacity curve. The crystallisation temperature Tc is given by 
the position of the exothermic peak in the non-reversible heat ﬂow curve. The 
values of ΔCP , Tg and Tc are listed in table 6.2. 
The glass transition temperature Tg and crystallisation temperature Tc de­
creases as Ga2Se3 is added to GeSe2 glass and subsequently increases with 
the addition of La2Se3. The change in heat capacity ΔCP in the region of Tg 
undergoes an increase when Ga2Se3 is added to GeSe2 glass and subsequently 
decreases with the addition of La2Se3. These results are consistent with DSC 
measurements of (GeS2)x(Ga2Se3)1−x glasses which show a drop in Tg with 
increasing Ga2Se3 content [230, 231] and a subsequent increase in Tg with in­
creasing rare earth content [183]. An analogous eﬀect is also observed in the 
sulphide system [156, 159, 160]. 
6.3.3 The neutron diﬀraction experiments 
Neutron diﬀraction experiments were performed on the R-Ge-Ga-Se glasses us­
ing the GLAD instrument at the IPNS, described in § 3.2.4, with a maximum 
scattering vector Qmax = 40.0 ˚ .A
−1 
The coarsely powdered samples were held 
in cylindrical vanadium containers of 4.64 mm inner diameter and 0.13 mm wall 
thickness in the GLAD room temperature sample changer (RTSC). Diﬀraction 
patterns were taken, alternating between the two samples in their vanadium 
containers every 864,000 pulses, which, given the IPNS pulse rate of 30 Hz, 
is equivalent to 8 hours counting time per scan. Since the beam current was 
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relatively low at 14 to 15 µA, a total counting time of 56 hours per sam­
ple was required to obtain reasonable counting statistics. Diﬀraction patterns 
were also taken for the empty instrument, empty vanadium containers and a 
cylindrical vanadium rod of diameter 9.5 mm for calibration purposes. The 
individual scans showed no deviation outside the statistical variation verify­
ing the diﬀractometer stability [197]. After eliminating non-functioning or 
noisy detectors, the ISAW analysis program [232] was used to process the data 
detector-by-detector, correcting for attenuation, background, multiple scatter­
ing and inelasticity eﬀects and normalising to the vanadium standard. The 
results were then merged and the data set for the Ce sample was corrected for 
the contribution from Ce3+ paramagnetic scattering [36] (see § 2.2.1). 
The (GeSe2)0.87(Ga2Se3)0.13 glass was measured by neutron diﬀraction us­
ing the GEM instrument at ISIS, described in § 3.2.3, with a maximum scat-
A
−1 
tering vector Qmax = 49.5 ˚ . The sample was ﬁnely powdered and held in 
a cylindrical vanadium container of 6.8 mm inner diameter and 0.1 mm wall 
thickness at ambient temperature (≈ 25 ◦C). Diﬀraction patterns were taken 
for the samples in the vanadium container, the empty vanadium container, the 
empty instrument and a cylindrical vanadium rod of diameter 8.36 mm. A 
total run time of 1327.5 µAhr was made to obtain good counting statistics, 
which at an average ISIS beam current of 170 µA equates to ≈ 8 hours of count­
ing time. After eliminating non-functioning or noisy detectors, the GUDRUN 
analysis program [111] was used to process the data, correcting detector-by­
detector for attenuation, background, multiple scattering, inelasticity eﬀects 
and normalising to the vanadium standard. The results were then merged to 
produce the total structure factor GeGaSeF (Q). 
Self consistency checks were performed on the data sets to ensure that 
(i) each measured F (Q) obeys the sum-rule relation (see equation 2.11), (ii) the 
low-r features in the real space functions oscillate about their theoretical r = 0 
limit as given in table 6.1 and (iii) the Fourier backtransform of the real space 
functions after the low-r oscillations are set to the theoretical r = 0 limit is in 





The total structure factors LaF (Q) and CeF (Q) for the R-Ge-Ga-Se glasses, 
as measured by neutron diﬀraction on the GLAD instrument at the IPNS, 
are plotted in ﬁgure 6.4. The total pair distribution functions LaG(r) and 
CeG(r) are plotted in ﬁgure 6.5 and were obtained by Fourier transforming 
the corresponding F (Q) functions after making a Harwell spline ﬁt [115] to 
A
−1 
the data and applying a cosine window function between 18 and 23 ˚ . It 
was necessary to truncate the F (Q) functions at the relatively small maximum 
A
−1 
scattering vector Qmax = 23 ˚ to prevent the poor statistical precision in the 
data sets at higher Q values (see ﬁgure 6.10 (c)) leading to un-physical features 
in the Fourier transforms. The positions of the leading peaks in the F (Q), G(r) 
and corresponding diﬀerence functions are listed in table 6.3 together with the 
coordination numbers n¯, n¯Se and n¯Se obtained from the real space functions Ge R 
as detailed below. 
The F (Q) functions exhibit a ﬁrst sharp diﬀraction peak (FSDP), indicative 
A
−1 
of ordering on intermediate length scales [116], at q1 � 1.02(2) ˚ . The 
FSDP experiences an increase in height with substitution of La by Ce. This 
is emphasised by the ﬁrst order diﬀerence function ΔFR 
(1)
(Q) plotted in ﬁgure 
6.6 which exhibits a trough in this region and must therefore result from one 
or more of the SRR(Q) and SRµ(Q) partial structure factors having a trough 
in this region. 
The ﬁrst peak at r1 = A in the G(r) functions is attributed to 2.38(2) ˚
a superposition of the nearest neighbour Ge-Se and Ga-Se correlations by 
comparison with the nearest neighbour distances 2.34 ≤ rGeSe (A˚) ≤ 2.37 
reported for crystalline GeSe2 [233] and 2.32 ≤ rGaSe A) ≤ 2.48 reported for (˚
crystalline Ga2Se3 [234, 235]. Assuming that the number of homopolar bonds 
Seis negligible, a coordination number of n¯Ge = 4.0(1) was obtained from the ﬁrst 
peak in the G(r) functions by integrating over the range 2.15 ≤ r (A˚) ≤ 2.64 
and assuming a contribution to the peak area from Ga-Se correlations where 
n¯Se = 4 by comparison with the Ga coordination environment in R-Ge-Ga-SGa 
glasses (see chapter 5). The second much smaller peak in the G(r) functions at 
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Figure 6.4: The measured total structure factors (a) LaF (Q) and (b) CeF (Q) for 
the (R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60 glasses as measured by neutron diﬀrac­
tion on the GLAD instrument at the IPNS. The bars represent the statis­
tical errors and the solid (red) curves are the Fourier back-transform of the 
corresponding G(r) functions given in ﬁgure 6.5 after the un-physical low-r 
oscillations are set to the theoretical G(0) limits, as listed in table 6.1. 
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Figure 6.5: The total pair distribution functions (a) LaG(r) and (b) CeG(r) for 
the (R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60 glasses, as obtained by Fourier trans­
forming the corresponding F (Q) functions given in ﬁgure 6.4 after making a 
Harwell spline ﬁt [115] to the data and applying a cosine window function 
A
−1 
between 18 and 23 ˚ . The dashed (red) curves indicate the extent of the 
un-physical low-r oscillations. 
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F(1)R (Q) = 
LaF(Q) - CeF(Q) 
6.4. RESULTS

Figure 6.6: First order diﬀerence function ΔFR 
(1)
(Q) ≡La F (Q) −Ce F (Q) from 
the total structure factors given in ﬁgure 6.4. The bars represent the sta­
tistical errors and the solid (red) curve is the Fourier back-transform of the 
(1)
corresponding ΔGR (r), shown by the black curve plotted in ﬁgure 6.7, after 
the un-physical low-r oscillations are set to the theoretical r = 0 limit (see 
table 6.1). 
r2 � 3.09(3) A˚ has greater intensity in the LaG(r) function, consistent with this 
peak arising from correlations involving the rare earth ion since bLa > bCe. The 
peak is attributed to the nearest neighbour R-Se correlations by comparison 
with the range of bond distances 2.93 ≤ rRSe (A˚) ≤ 3.22 reported in crystalline 
systems containing R, Ge and Se or R, Ga and Se, where R denotes a large 
Serare earth element (see table 6.4). The coordination number n¯R was obtained 
from the R-Se peak in the G(r) functions by integrating over the range 2.88 ≤ 
r (˚ However, diﬀerent values were obtained from each G(r) (see A) ≤ 3.25. 
table 6.3) which may indicate that other correlations involving matrix atoms 
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G(1)R (r) = 
LaG(r) - CeG(r) 
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(1)
Figure 6.7: First order diﬀerence function ΔGR (r) obtained by Fourier trans­
forming the ΔFR 
(1)
(Q) function in ﬁgure 6.6 after making a Harwell spline 
ﬁt [115] to the data and applying a cosine window function between 10 and 
A
−1 
14 ˚ (solid black curve), where the dashed (red) curve indicates the extent of 
(1)
the un-physical low-r oscillations. The ΔGR (r) function obtained by Fourier 
transforming the spline ﬁtted ΔFR 
(1)
(Q) truncated at a maximum scattering 
A
−1 
vector Qmax = 14 ˚ using a Lorch [33] modiﬁcation function is also shown 
(solid blue curve), where the dashed (blue) curve indicates the extent of the 





also contribute to the peak. 
The ﬁrst order diﬀerence function ΔG
(1)
(r) is plotted in ﬁgure 6.7 and R 
was obtained by Fourier transforming the ΔFR 
(1)
(Q) function after making a 
Harwell spline ﬁt [115] to the data and applying a cosine window function 
A
−1 (1)
between 10 and 14 ˚ . The Fourier backtransform of the ΔGR (r) function 
after the un-physical low-r oscillations up to the onset of the ﬁrst peak at 
rcut = 2.70 ˚ R (0) limit (listed in table 6.1) is A are set to the theoretical ΔG
(1) 
in good overall agreement with the ΔFR 
(1)
(Q) function, indicating successful 
elimination of correlations involving only the matrix atoms (Ge, Ga, Se). The 
ΔG
(1)
(r) function exhibits a prominent ﬁrst peak at r2 3.05(3) ˚= A followed R 
by several subsidiary peaks. To try and distinguish the physical peaks in real 
space from e.g. Fourier transform artifacts, a Lorch [33] modiﬁcation function 
was also applied to the spline ﬁtted ΔFR 
(1)
(Q) function truncated at a maximum 
A
−1 
scattering vector Qmax = 14 ˚ (see ﬁgure 6.7) prior to Fourier transformation 
into real space. By comparison with the bond distances reported for large rare 
earth elements in crystalline systems containing R, Ge and Se or R, Ga and Se 
(1)
(see table 6.4) the ﬁrst peak in ΔGR (r) at r2 = 3.05(3) A˚ is attributed to the 
Senearest neighbour R-Se correlations. A coordination number n¯R = 8.0(2) was 
obtained from the R-Se peak by integrating over the range 2.88 ≤ r (A˚) ≤ 3.25. 
(1)
The second peak in ΔGR A is attributed to a superposition (r) at r3 = 3.72(5) ˚
of the R-Ge and R-Ga correlations. Although further peaks are present in 
ΔG
(1)
(r) it is not possible to unambiguously identify which of these may result R 
from e.g. the R-R correlations. 
The total minus weighted diﬀerence function ΔF (1)(Q) is plotted in ﬁg­
ure 6.8. The corresponding ΔG(1)(r) function is plotted in ﬁgure 6.9 and 
was obtained by Fourier transforming the ΔF (1)(Q) function after making a 
Harwell spline ﬁt [115] to the data and applying a cosine window function 
between 18 and 23 A˚
−1 
. As for the G(r) functions, the ﬁrst peak in ΔG(1)(r) 
at r1 = A is attributed to a superposition of the Ge-Se and Ga-Se 2.37(2) ˚
correlations. Assuming that the number of homopolar bonds is negligible, a 
Secoordination number of n¯Ge = 4.0(1) was obtained from the ﬁrst peak in the 
141


























 Scattering vector Q (Å-1)
F(1)(Q)
CHAPTER 6. STRUCTURE OF La/Ce-Ge-Ga-Se GLASSES BY THE 
METHOD OF ISOMORPHIC SUBSTITUTION IN NEUTRON 
DIFFRACTION 
Figure 6.8: The total minus weighted diﬀerence function ΔF (1)(Q) for the 
(R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60 glass. The bars represent the statistical er­
rors and the solid (red) curve is the Fourier back-transform of the correspond­
ing ΔG(1)(r) function given in ﬁgure 6.9 after the un-physical low-r oscillations 
are set to the theoretical r = 0 limit (see table 6.1). 
ΔG(1)(r) function by integrating over the range 2.09 ≤ r (A˚) ≤ 2.70 assum-
Seing a contribution to the peak area from Ga-Se correlations where n¯Ga = 4. 
Despite the fact that the R-µ correlations are eliminated in the total minus 
weighted diﬀerence function, a shoulder is present in ΔG(1)(r) at r � 3.1 A˚ 
although it is not as prominent as the feature observed in the G(r) functions 
(see ﬁgure 6.5). This shoulder may therefore result from matrix-matrix atom 
correlations e.g. the Ge-Ge distance for edge sharing GeSe4 tetrahedra occurs 
at 3.02(2) A˚ in GeSe2 glass. By comparison with the structure of GeSe2 glass 
[192], the peak at r3 = 3.87(5) A˚ can be attributed to Se-Se correlations and 
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Figure 6.9: The total minus weighted diﬀerence function ΔG(1)(r) obtained by 
Fourier transforming the ΔF (1)(Q) function given in ﬁgure 6.8 after making 
a Harwell spline ﬁt [115] to the data and applying a cosine window function 
A
−1 
between 18 and 23 ˚ . The dashed (red) curve indicates the extent of the 
un-physical low-r oscillations. 
the shoulder on this peak at r � 3.6 A˚ can attributed to Ge-Ge correlations for 
corner shared tetrahedra. The small peak at r4 4.59 ˚= A is diﬃcult to iden­
tify. Although it occurs at a distance consistent with the nearest neighbour 
R-R correlations reported in crystalline systems containing R, Ge and Se or 
R, Ga and Se (see table 6.4), no distinct peak is apparent at this distance in 
(1)
the ΔGR (r) function. The R-R correlations also have a negative weighting in 
ΔG(1)(r) (see table 6.1) and hence any contribution from the R-R correlations 
should appear as a trough. 
The total structure factors obtained using the GEM instrument, denoted 
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GeSe2 F (Q) for the GeSe2 glass (as measured by Zeidler [229]) and 
GeGaSeF (Q) 
for the (GeSe2)0.87(Ga2Se3)0.13 glass, are plotted in ﬁgure 6.10 together with 
the LaF (Q) and ΔF (1)(Q) functions for the (R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60 
glass. Small but distinct changes are observed in the structure of GeSe2 on the 
addition of Ga2Se3 followed by La2Se3. Speciﬁcally, the FSDP, which is present 
A
−1 
at q1 � 1.01 ˚ in all three F (Q) functions undergoes a progressive reduction 
in intensity from GeSe2 F (Q) to GeGaSeF (Q) to ΔF (1)(Q) to LaF (Q). In GeSe2 
glass the FSDP arises predominantly from the Ge-Ge correlations [192]. 
The total pair distribution functions GeSe2 G(r) are GeGaSeG(r) are plotted 
in ﬁgure 6.11, together with LaG(r) and ΔG(1)(r). All of these functions were 
obtained in an identical manner, i.e. by Fourier transforming the corresponding 
reciprocal space functions after making a Harwell spline ﬁt [115] to the data 
and applying a cosine window function between 18 and 23 A˚
−1 
. The ﬁrst peak 
in GeSe2 G(r) at r1 = A has a majority contribution from the nearest 2.37(2) ˚
neighbour Ge-Se correlations [192]. The peak is broadened and experiences a 
reduction in height with the addition of Ga2Se3 followed by La2Se3, although 
its position is maintained. The total pair distribution functions GeSe2 G(r) and 
GeGaSeG(r) are also plotted in ﬁgure 6.12 but were this time obtained by Fourier 
transforming the corresponding spline ﬁtted F (Q) functions after applying a 
cosine window function between 30 and 40 A˚
−1 
. It is evident by comparing 
ﬁgure 6.11 with ﬁgure 6.12 that Fourier transforming the F (Q) functions at 
the higher Qmax = A
−1 
40 ˚ substantially improves the peak resolution in real 
space but no change is observed in the peak positions. Assuming that the 
number of homopolar bonds is negligible, a coordination number n¯Se = 4.0(1)Ge 
was obtained from the ﬁrst peak in the GeSe2 G(r) function by integrating over 
the range 2.21 ≤ r (A˚) ≤ 2.58. The peak at r3 = 3.90(5) A˚ is attributed to 
Se-Se correlations by comparison with the ﬁrst major peak in the measured 
gSeSe(r) partial pair distribution function [192]. A shoulder is also apparent 
on this peak at r A and is attributed to the Ge-Ge correlations for � 3.6 ˚
corner shared GeSe4 tetrahedra by comparison with the ﬁrst major peak in 
the measured gGeGe(r) partial pair distribution function [192]. 
144 











































Figure 6.10: The total structure factors (a) GeSe2 F (Q) for the GeSe2 
glass measured using the GEM instrument [229], (b) GeGaSeF (Q) for the 
(GeSe2)0.87(Ga2Se3)0.13 glass measured using the GEM instrument, and (c) 
LaF (Q) for the (La2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60 glass measured using the 
GLAD instrument (taken from ﬁgure 6.4). The bars represent the statistical 
errors and the solid (red) curves are the Fourier back-transforms of the corre­
sponding G(r) functions plotted in ﬁgure 6.11 after the low-r oscillations are 
set to the theoretical r = 0 limit (see table 6.1). The solid (blue) curve in 
(c) shows the total minus weighted diﬀerence function ΔF (1)(Q) taken from 
ﬁgure 6.8. 
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Figure 6.11: The total pair distribution functions (a) GeSe2 G(r) for glassy 
GeSe2, (b) 
GeGaSeG(r) for glassy (GeSe2)0.87(Ga2Se3)0.13 and (c) 
LaG(r) for 
glassy (La2Se3)0.07(GeSe2)0.60(Ga2Se3)0.33 (taken from ﬁgure 6.5) as obtained 
by Fourier transforming the corresponding F (Q) functions in ﬁgure 6.10 after 
making a Harwell spline ﬁt [115] to the data and applying a cosine window 
A
−1 
function between 18 and 23 ˚ . The dashed (red) curves indicate the extent 
of the un-physical low-r oscillations. The solid (blue) curve in (c) shows the 
total minus weighted diﬀerence function ΔG(1)(r) taken from ﬁgure 6.9. 
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Figure 6.12: The total pair distribution functions (a) GeSe2 G(r) for glassy GeSe2 
and (b) GeGaSeG(r) for glassy (GeSe2)0.87(Ga2Se3)0.13 as obtained by Fourier 
transforming the corresponding F (Q) functions in ﬁgure 6.10 after making a 
Harwell spline ﬁt [115] to the data and applying a cosine window function 
A
−1 
between 30 and 40 ˚ . The dashed (red) curves indicate the extent of the 
un-physical low-r oscillations. 
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As for the R-Ge-Ga-Se glasses, the ﬁrst peak at r1 = A in the 2.37(2) ˚
GeGaSeG(r) function is attributed to a superposition of Ge-Se and Ga-Se correla-
Setions. A coordination number of n¯Ge = 3.7(1) was obtained from the ﬁrst peak 
in the GeGaSeG(r) function by integrating over the range 2.21 ≤ r (A˚) ≤ 2.88 
and, as for the LaG(r) function, subtracting the contribution from the Ga-Se 
Secorrelations for which it was assumed that n¯Ga = 4. By comparison with 
GeSe2 [192] and crystalline Ga2Se3 [234, 235] the peak at r3 = A is 3.90(5) ˚
attributed to a superposition of Se-Se and Ga-Ga correlations. The shoulder 
at r � 3.6 A˚ is attributed to Ge-Ge correlations for corner shared GeSe4 tetra­
hedra [192]. Also, although no peak is apparent, there is a ﬁnite intensity 
at r � 3.05 A˚ which may arise from other matrix-matrix atom correlations, 
for example the Ge-Ge nearest neighbour distance rGeGe = 3.02(2) A˚ for edge 
sharing GeSe4 tetrahedra [192]. A shoulder is also present at r � 2.55 A˚ on 
the ﬁrst peak in the GeGaSeG(r) function by comparison with GeSe2 G(r), which 
can help to explain the broadening of the ﬁrst peak in the LaG(r), CeG(r) 
and ΔG(1)(r) functions. The nearest neighbour Ge-Se and Ga-Se distances in 
crystalline systems containing R, Ge and Se [236–241] and R, Ga and Se [242], 
where R denotes a large rare earth element, are comparable to the distances 
reported for GeSe2 [233] and Ga2Se3 [234, 235] and hence this shoulder cannot 
be attributed to these correlations. However, it may indicate the existence of 
Ga-Ga homopolar bonds by comparison with the range of nearest neighbour 
Ga-Ga bond distances 2.44 ≤ rGaGa A ≤ 2.82 reported for liquid Ga [213–218] ˚
and rGaGa = 2.48 A˚ reported for crystalline Ga [219]. 
6.5 Discussion 
As for the sulphide system (see chapter 5) few structural studies have been per­
formed on the glassy R-Ge-Ga-Se system and crystal structures of this system 
are not reported in the literature. Some information on the nearest neighbour 
coordination environment of the rare earth ions can nevertheless be gained 





Table 6.4: The R-Se nearest neighbour distance rRSe, average coordination 
Senumber n¯R and the minimum nearest neighbour R-R distance rRR (min) for 
crystal structures containing R-Ge-Se or R-Ga-Se, where R represents a rare 
earth element La, Ce, Pr, Nd or Eu. 
Crystal rRSe A) nR rRGe A) rRGa A) rRR A) Ref.(˚ ¯
Se (˚ (˚ (min) (˚
La3CuGeSe7 2.99-3.22 8 3.88 – 4.54 [236] 
LaKGeSe4 3.02-3.21 8 3.62-4.30 – 4.64 [237] 
Ce3CuGeSe7 2.97-3.19 8 3.86 – 4.51 [238] 
CeKGeSe4 3.01-3.20 7 3.60-4.30 – 4.63 [239] 
Pr3CuGeSe7 2.94-3.18 8 3.83 – 4.48 [238] 
PrKGeSe4 2.99-3.16 7 3.59-4.27 – 4.62 [240] 
Nd3CuGeSe7 2.93-3.17 8 3.82 – 4.47 [238] 
EuGa2Se4 3.18-3.23 8 – 3.98-4.08 5.44 [242] 
Eu2GeSe4 3.10-3.31 7 3.70-4.32 – 4.20 [241] 
The ﬁrst peak in the GeSe2 G(r) function at r1 = 2.37(2) ˚ glassA for GeSe2 
is attributed to nearest neighbour Ge-Se correlations and gives a coordination 
Senumber n¯Ge = 4.0(1). The ﬁrst peak in the G(r) functions for the R-Ge-Ga-Se 
glasses at r1 = 2.38(2) A˚ is attributed to a superposition of Ge-Se and Ga-Se 
Secorrelations and also gives a coordination number n¯Ge = 4.0(1) if we assume 
that n¯Se = 4. These results should not, however, be taken to be an indication Ga 
of complete chemical ordering. For example, in the case of glassy GeSe2 a sub­
stantial number of structural defects in the form of Ge-Ge and Se-Se homopolar 
bonds are known to exist [192] giving rise to correlations at rGeGe = 2.42 A˚ and 
rSeSe = 2.32(2) A˚. Also, the measured G(r) functions for the glasses contain­
ing Ga2Se3 exhibit a shoulder in the ﬁrst peak at r � 2.55 ˚ The shoulder A. 
may be attributed to nearest neighbour Ga-Ga correlations by comparison 
with typical Ga-Ga bond distances [213–219]. All of these homopolar bond 
distances are within the integration range used to calculate n¯Se However, if Ge. 
we consider the case for GeSe2, the coherent neutron scattering lengths for 
Ge and Se of natural isotopic abundance are comparable and hence the G(r) 
function for GeSe2 measured by neutron diﬀraction is eﬀectively equivalent to 
the Bhatia Thornton [243] number-number partial pair distribution function 
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gNN(r) which makes no distinction between the chemical species occupying the 
scattering sites. The mean coordination number irrespective of species type is 
given by [244] 
rj
� 
2 n¯ = 4πn0 r gNN(r)dr 
ri 
Ge Se Se Ge = cGe(n¯Ge + n¯Ge) + cSe(n¯Se + n¯Se ). (6.9) 
There are two contrasting models for chemical ordering in Ge-Se networks, 
namely the random covalent network (RCN) model and the chemically ordered 
network (CON) model [244]. In the RCN model, the distribution of Ge-Ge, 
Se-Se and Ge-Se bonds is purely statistical and the coordination numbers 
Ge Se Sen¯Ge = 8cGe/(1+cGe), n¯Se = 2(1−cGe)/(1+cGe) and n¯Ge = 4(1−cGe)/(1+cGe). 
In the CON model and at the stoichiometric composition, i.e. cGe = 1/3, 
only Ge-Se bonds are permitted and the network is completely ordered giving 
Ge Se Secoordination numbers of n¯Ge = 0, n¯Se = 0 and n¯Ge = 4. However, both 
the RCN and CON models give the same mean coordination number n¯ = 
2(cGe + 1) provided the z=8-n rule (see § 5.1.3) is satisﬁed, i.e. Ge is four­
fold coordinated and Se is two-fold coordinated. Hence for GeSe2 the mean 
coordination number n¯ = 2.67 regardless of whether or not homopolar bonds 
exist.1 A mean coordination number n¯ = 2.7(1) is obtained by integrating 
over the ﬁrst peak in the measured GeSe2 G(r) function which is consistent with 
the calculated value. Similarly, the mean matrix atom coordination number 
for the Ge-Ga-Se and R-Ge-Ga-Se glasses is given by 
Ge Ga Se Ge Ga Se Ge Ga Se n¯ = cGe(n¯Ge + n¯Ge + n¯Ge)+cGa(n¯Ga + n¯Ga + n¯Ga)+cSe(n¯Se + n¯Se + n¯Se). (6.10) 
If we assume the CON model the mean coordination number is calculated 
using 
n¯ = 4cGe + 4cGa + 2cSe (6.11) 
1This result does not apply for Ge-S networks, as studied in chapter 5, since the total 
structure factor measured by neutron diﬀraction does not directly yield gNN(r) due to the 




giving n¯ = 2.70 for glassy (GeSe2)0.87(Ga2Se3)0.13 and n¯ = 2.59 for glassy 
(R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60. As given in table 6.3 the experimental val­
ues for n¯ are similar to the calculated values, although some discrepancy 
is expected due to the diﬀerence in the coherent neutron scattering lengths 
bGa = 7.288(2) fm cf. bGe = 8.185(20) fm and bSe = 7.970(9) fm [30]. 
The nearest neighbour R-Se bond length rRSe = A and coordina­3.05(3) ˚
tion number n¯Se = 8.0(2), obtained from the ﬁrst order diﬀerence function R 
ΔFR 
(1)
(Q), are in agreement with the local coordination environment for large 
rare earth elements reported for crystalline materials containing R, Ge and Se 
or R, Ga, Se (see table 6.4). The R-Se peak is more prominent than the R-S 
peak in G(r) for the sulphide glass (see chapter 5) which is consistent with the 
greater coherent neutron scattering length of selenium, i.e. bSe = 7.970(9) fm 
cf. bS = 2.84(1) fm [30]. 
6.6 Conclusions 
The method of isomorphic substitution in neutron diﬀraction was used to study 
the structure of (R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60 glasses, where R denotes 
La or Ce. The structure of this material is based on a network of GeSe4 
and GaSe4 tetrahedra. The ﬁrst order diﬀerence function ΔG
(1)
(Q) gives a R 
nearest neighbour R-Se bond length rRSe = 3.05(3) A˚ and coordination number 





7. Structure of Y/Ho-Ge-Ga-Se 
glasses by the method of 
isomorphic substitution in x-ray 
diﬀraction 
7.1 Introduction 
The aim of this experiment is to use the method of isomorphic substitution 
in high energy x-ray diﬀraction to measure the structure of a R-Ge-Ga-Se 
glass, where R represents Ho or Y. The (R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60 
glass was chosen for investigation to match the composition of the sulphide 
and selenide glasses studied in chapters 5 and 6. The rare earth ions Ho3+ 
and Y3+ are suitable x-ray isomorphs since they have identical ionic radii 
(0.901 cf. 0.900 A˚) [121] and comparable structural chemistry as indicated by 
their Pettifor chemical parameters (0.6825 cf. 0.66) [147]. The x-ray form fac­
tors of these elements are, however, substantially diﬀerent where the atomic 
numbers are Z(Ho) = 67 and Z(Y) = 39. 
7.2 Theory 
As given in equation 2.17, the coherent scattered intensity measured in an 
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x-ray structure factor 
n n
FX (Q) = 
�� 
cαcβfα(Q)fβ(Q)[Sαβ (Q) − 1], (7.1) 
α=1 β=1 
where n = 4 is the total number of chemical species denoted by α or β, cα and 
fα(Q) represent the atomic fraction and atomic form factor of chemical species 
α, respectively, Sαβ(Q) is a Faber-Ziman partial structure factor and Q is the 
scattering vector. This intensity is often written in terms of the total x-ray 
structure factor SX (Q) which oscillates about unity at large Q values and is 
given by 
FX (Q)
SX (Q) = 
n
�2 + 1. (7.2)�� 
cαfα(Q)
α=1 
Expanding FX (Q) in terms of the partial structure factors Sµµ� (Q), that involve 
only the matrix species (Ge, Ga, Se), and the partial structure factors SRµ(Q) 
or SRR(Q), that involve only the rare earth species R, we can write 
FX (Q) = c 
2 fR(Q)
2 [SRR(Q) − 1] + 2cRcSefR(Q)fSe(Q) [SRSe(Q) − 1]R
+	 2cRcGefR(Q)fGe(Q) [SRGe(Q) − 1] 
+	 2cRcGafR(Q)fGa(Q) [SRGa(Q) − 1] 
+	
� 
cµcµ� fµ(Q)fµ� (Q) [Sµµ� (Q) − 1] , (7.3) 
where m = 3 is the total number of matrix atom species denoted by µ or µ�. 
By measuring the FX (Q) function for samples containing the rare earth ions 
Ho3+ or Y3+, where the atomic form factor fHo(Q) > fY(Q), the diﬀerence 
function methods described in § 2.4 can be employed. The Sµµ� (Q) partial 
structure factors may be eliminated by subtracting the two FX (Q) functions 
to give the x-ray ﬁrst order diﬀerence function 
ΔX FR 
(1)
(Q) HoFX (Q) − Y FX (Q)≡ 










where the rare earth to matrix atom diﬀerence function is given by 
Δ
(1) 
(Q) = 2cRcSefSe(Q) (fHo(Q) − fY(Q)) [SRSe(Q) − 1] (7.5)Rµ
+ 2cRcGefGe(Q) (fHo(Q) − fY(Q)) [SRGe(Q) − 1] 
+ 2cRcGafGa(Q) (fHo(Q) − fY(Q)) [SRGa(Q) − 1] . 
The normalised x-ray ﬁrst order diﬀerence function is obtained by dividing by 
the sum of the weighting factors of the correlations such that 
(1) ΔX FR 
(1)
(Q)
ΔX SR (Q) = (1) + 1, (7.6) 
wR (Q) 
where 





+ 2cRcGefGe(Q) [fHo(Q) − fY(Q)] 
+ 2cRcGafGa(Q) [fHo(Q) − fY(Q)] + 2cRcSefSe(Q) [fHo(Q) − fY(Q)] . (7.7) 
The SRµ(Q) partial structure factors may be eliminated by subtracting a suit­
ably weighted ΔX FR 
(1)
(Q) function from the HoFX (Q) function to give the so 
called “x-ray total minus weighted diﬀerence function” given by 
ΔX F 
(1)(Q) HoFX (Q) − fHo(Q) (1)≡ 
fHo(Q) − fY(Q)ΔX FR (Q) 
fHo(Q) 
YFX (Q) − fY(Q) HoFX (Q) ≡ 




cµcµ� fµ(Q)fµ� (Q) [Sµµ� (Q) − 1] 
µ=1 µ�=1 
− cR2 fHo(Q)fY(Q) [SRR(Q) − 1] . (7.8) 
The normalised x-ray total minus weighted diﬀerence function is obtained by 





+ 1, (7.9) 
w(1)(Q) 
155 
CHAPTER 7. STRUCTURE OF Y/Ho-Ge-Ga-Se GLASSES BY THE 
METHOD OF ISOMORPHIC SUBSTITUTION IN X-RAY DIFFRACTION 
where 
m m
2 w(1)(Q) = 
�� 
cµcµ� fµ(Q)fµ� (Q) − cRfHo(Q)fY(Q). (7.10) 
µ=1 µ�=1 
(1)
The real space functions GX (r), ΔX GR (r) and ΔX G
(1)(r) are obtained by 




GX (r) = QSX (Q)sin(Qr)dQ, (7.11)
2π2rn0 























where n0 is the atomic number density of the glass and r is a distance in 
(1) 
R 
obtained by replacing each Sαβ (Q) by the corresponding partial pair distri­




(1)(Q), respectively. Because the partial structure factors are weighted 
by Q-dependant form factors, the gαβ (r) correlations are convoluted by the 
Fourier transform of the form factors in real space. The coordination num­
ber n¯α
β cannot therefore be calculated by directly integrating over the relevant 
peaks in real space. Instead, if there is a clearly deﬁned peak in GX (r) that 
can be assigned to a particular gαβ(r), the FX (Q) function is divided by the 
weighting factor for the relevant Sαβ (Q) function such that in the Fourier trans­






7.3 Experimental procedure 
7.3.1 Glass preparation 
The R-Ge-Ga-Se glasses were prepared by weighing the high purity starting 
constituents Ge (Aldrich, ≥ 3 mm chips, 99.999 %), Ga (Aldrich, 99.9999 %), 
Se (Aldrich, � 2 mm pellets, 99.999 + %), Y (Aldrich, pieces 99.9 %) and 
Ho (Aldrich, pieces 99.9 %) in the correct proportions within a dry Argon 
ﬁlled glove box with levels of H2O ≤ 6 ppm and O2 ≤ 30 ppm. The Ge and Se 
elements were powdered using a stainless steel and an agate pestle and mortar, 
respectively, and the Ga was melted on a hotplate. Following the procedure 
outlined in § 5.4.1, the samples were sealed in evacuated silica ampoules and 
heated in a rocking furnace at a rate of 1 ◦C min−1, holding for 4 hours at 
221 and 685 ◦C, corresponding to the melting and boiling temperatures of 
Se, respectively, and at 937 ◦C, corresponding to the melting temperature 
of Ge. Once the ﬁnal synthesis temperature of 1100 ◦C had been reached 
and held for ≥ 24 hours, the furnace was rotated vertically and held for a 
further ≥ 12 hours before quenching the glass in ice water. Photographs of the 
prepared glasses in their silica ampoules are shown in ﬁgure 7.1. Since x-ray 
diﬀraction experiments require small samples only one 3 g batch of each glass 
was made. On breaking open the ampoules, the samples came away cleanly 
from the silica surface. The mean atomic fractions averaged over the samples 
are cR = 0.037(1), cGe = 0.156(1), cGa = 0.174(1) and cSe = 0.633(1), forming 
the required molar composition (R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60. 
7.3.2 Sample characterisation 
The density of the samples was measured at the ISIS facility using a Quan­
tachrome helium gas pycnometer and the values are listed in table 6.2. 
The glass transition temperature Tg, crystallisation temperature Tc and 
change in heat capacity ΔCp of the samples were measured by modulated dif­
ferential scanning calorimetry (MDSC) using a TA Instruments DSC Q100 ma­
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Figure 7.1: The as quenched R-Ge-Ga-Se glasses contained within silica am­
poules. 
Table 7.1: Properties of the (R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60 glasses where R 
represents Ho or Y. The mass density ρ and number density n0 are listed to­
gether with the glass transition temperature Tg, crystallisation temperature Tc, 




R ρ (g cm−3) n0 (˚ ) ΔCP (J g−1 ◦C−1) Tg (◦C) Tc (◦C) 
Ho 4.81(1) 0.0370(8) 0.16(2) 405(2) 475.23(1)

Y 4.78(1) 0.0377(8) 0.17(2) 405(2) 475.76(1)

chine. The ﬁnely powdered samples of mass ≈ 30 mg were contained in crimped 
aluminium pans and heated over the temperature range 300 ≤ T (◦C) ≤ 550 
at a rate of 3.00 ◦C min−1 with a temperature modulation of ± 1.00 ◦C min−1 . 
Nitrogen gas (BOC, Oxygen free), ﬂowing at 25 ml min−1, was used to purge 
the instrument of moisture and oxygen and to provide eﬃcient heat trans­
fer between the sample pans and the DSC cell contacts. The reversible and 
non-reversible components of the heat ﬂow and heat capacity Cp were recorded 
every 0.2 s and are plotted in ﬁgure 7.2. The mid-point glass transition temper­
ature Tg was obtained by drawing a tangent line to the data in the transition 
region of the reversible heat ﬂow to ﬁnd the point of inﬂection. The change 
in heat capacity ΔCp through Tg was obtained from the observed step in the 
reversible heat capacity curve. The crystallisation temperature Tc is given by 
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Figure 7.2: Modulated diﬀerential scanning calorimetry (MDSC) scans for the 
(R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60 glasses where (a) R = Ho and (b) R = Y. 
The blue curves denote the reversible heat ﬂow, the red curves denote the non­
reversible heat ﬂow and the black curves denote the reversible heat capacity 
Cp signal. For clarity, the reversible heat ﬂow and heat capacity signals are 
truncated before the crystallisation peak. 
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the position of the exothermic peak in the non-reversible heat ﬂow curve. The 
values of ΔCP , Tg and Tc are listed in table 7.1. 
7.3.3 The 11-ID-C x-ray diﬀraction experiments 
High energy x-ray diﬀraction experiments were performed on the R-Ge-Ga-Se 
glasses by Benmore and Qiang [245] using the 11-ID-C beamline at the APS, 
described in § 3.5.1, using a single element Ge solid state detector with an 
incident beam of energy 115 keV. The ﬁnely powdered samples were held in 
a washer and sealed each side with kapton 77-80 tape to give an approximate 
slab geometry with a sample thickness of 1.5 mm. Diﬀraction patterns were 
taken at ambient temperature (≈ 25 ◦C) for the samples in the kapton con­
tainer, the empty kapton container, the empty instrument and a lead slab of 
comparable geometry to the sample. Using the ISOMERX program [246], the 
data sets were normalised to the incident monitor counts and corrected for 
detector deadtime and deviation of the vertical scanning path taken by the 
detector from a circle centred at the sample position. Following the procedure 
detailed in § 3.7 the data sets were corrected for background scattering and 
attenuation eﬀects and scaled to ﬁt the sum of the Compton scattering cross 
section (given in Ref. [200]) and self scattering 
�
α cαfα(Q)
2 contributions at 
high Q values, where the neutral atom form factors fα(Q) were taken from 
Ref. [201]. The ﬁt is plotted in ﬁgure 7.3 and was performed over the region 
4 ≤ Q(A˚−1 ) ≤ 25. The Compton scattering contribution was subtracted to 
obtain the Rayleigh-Thomson diﬀerential scattering cross-section from which 
the total x-ray structure factor SX (Q) was obtained. Self consistency checks 
were performed on the data sets to ensure that the low-r features in G(r) oscil­
late about the theoretical GX (0) = 0 limit and that the Fourier backtransform 
of GX (r), after the low-r oscillations are set to the theoretical GX (0) = 0 limit, 
are in good overall agreement with the original SX (Q) function. 
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(b) R = Y























(a) R = Ho
7.3. EXPERIMENTAL PROCEDURE

Figure 7.3: Contributions to the total x-ray scattered intensity for the 
(R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60 glasses, where (a) R = Ho and (b) R = Y, 
as measured on the 11-ID-C beamline at the APS. The dashed (blue) curves 
show the self scattering, the chained (green) curves show the Compton scat­
tering, the solid (red) curves show the sum of the self scattering and Compton 
scattering and the solid (black) curves show the x-ray diﬀraction data that 
have been normalised by ﬁtting to the sum of the self scattering and Compton 
scattering intensities. 
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7.4 Results 
The total x-ray structure factors HoSX (Q) and 
YSX (Q) for the R-Ge-Ga-Se 
glasses, as measured by x-ray diﬀraction on the 11-ID-C beamline at the APS, 
are plotted in ﬁgure 7.4. The total x-ray pair distribution functions HoGX (r) 
and YGX (r) are plotted in ﬁgure 7.5 and were obtained by Fourier transform­
ing the corresponding SX (Q) functions after making a Harwell spline ﬁt [115] 
A
−1 
to the data and applying a cosine window function between 20 and 22 ˚ . 
The positions of the leading peaks in the SX (Q), GX (r) and corresponding 
diﬀerence functions are listed in table 7.2 together with the coordination num­
bers n¯Se and n¯Se as obtained from the real space functions using the methods Ge R 
detailed below. 
The SX (Q) functions exhibit a ﬁrst sharp diﬀraction peak (FSDP), indica-
A
−1 
tive of ordering on an intermediate length scale [116], at q1 � 0.95(2) ˚ . 
The ﬁrst peak at r1 = A in the GX (r) functions is attributed to a 2.39(2) ˚
superposition of the nearest neighbour Ge-Se and Ga-Se correlations by com­
parison with the nearest neighbour distances 2.34 ≤ rGeSe (A˚) ≤ 2.37 reported 
for crystalline GeSe2 [233] and 2.32 ≤ rGaSe (A˚) ≤ 2.48 reported for crystalline 
Ga2Se3 [234, 235]. Since the x-ray atomic form factors for Ge and Ga are very 
similar, the r-dependent weighting factors were removed from the gGeSe(r) and 
gGaSe(r) partial pair distribution functions by Fourier transforming the func-
Setion FX (Q)/2cSefSe(Q)fGe(Q). Hence, a coordination number n¯Ge = 3.9(1) 
was calculated from the ﬁrst peak in the resulting real space function by inte­
grating over the range 2.15 ≤ r (A˚) ≤ 2.64 and assuming a contribution to the 
Sepeak area from Ga-Se correlations, where n¯Ga = 4. The second smaller peak 
in the GX (r) functions at a mean distance r2 = 2.99(3) A˚ is less prominent in 
the glass containing Y. This is consistent with the peak having a contribution 
from correlations involving the rare earth ions since fHo(Q) > fY(Q). The 
most likely contribution is from the nearest neighbour R-Se correlations by 
comparison with the range of bond distances 2.80 ≤ rRSe (A˚) ≤ 3.31 reported 
in crystalline systems containing R, Ge and Se or R, Ga and Se, where R 
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Figure 7.4: The total x-ray structure factors (a) HoSX (Q) and (b) 
YSX (Q) for 
the (R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60 glasses as measured by x-ray diﬀraction 
on the 11-ID-C beamline at the APS. The bars represent the statistical errors 
and the solid (red) curves are the Fourier back-transforms of the corresponding 
GX (r) functions given in ﬁgure 7.5 after the un-physical low-r oscillations are 
set to the theoretical GX (0) = 0 limit. 
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Figure 7.5: Total x-ray pair distribution functions (a) HoGX (r) and (b) 
YGX (r) 
for the (R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60 glasses, obtained by Fourier trans­
forming the corresponding SX (Q) functions shown in ﬁgure 7.4 after making 
a Harwell spline ﬁt [115] to the data and applying a cosine window function 
A
−1 
between 20 and 22 ˚ . The dashed (red) curves denote the extent of the 
un-physical low-r oscillations. 
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Figure 7.6: The x-ray ﬁrst order diﬀerence function ΔX SR 
(1)
(Q). The bars 
represent the statistical errors and the solid (red) curve is the Fourier back­
(1)
transform of the ΔX GR (r) function shown in ﬁgure 7.7, after the un-physical 
(1)
low-r oscillations are set to the theoretical ΔX GR (0) = 0 limit. 
ing factor was removed from the gRSe(r) partial pair distribution function by 
Fourier transforming the function FX (Q)/2cRcSefR(Q)fSe(Q). Hence, the coor-
Sedination number n¯R A in the resulting was obtained from the peak at r � 2.99 ˚
real space functions by integrating over the range 2.64 ≤ r (A˚) ≤ 3.19. Diﬀer­
ent values of n¯Se were obtained for the Ho and Y samples (see table 7.2) which R 
indicates that other correlations involving matrix atoms also contribute to the 
peak. On closer inspection of the HoG(r) and YG(r) functions it is possible to 
see that there are in fact two peaks at r � 2.80 ˚ A. This is most A and r � 3.05 ˚
apparent for YG(r) in which the R-Se correlations are less strongly weighted. 
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Figure 7.7: The x-ray ﬁrst order diﬀerence function ΔX GR (r) obtained by 
Fourier transforming the ΔX SR 
(1)
(Q) function in ﬁgure 7.6 after making a Har­
well spline ﬁt [115] to the data and applying a cosine window function between 
A
−1 
10 and 15 ˚ . The dashed (red) curve indicates the extent of the un-physical 
low-r oscillations. 
(1)
The x-ray ﬁrst order diﬀerence function ΔX SR (Q) is plotted in ﬁgure 
7.6 and shows a clear contrast between the measured SX (Q) functions. The 
real space diﬀerence function ΔX G
(1)
(Q) is plotted in ﬁgure 7.7 and was ob-R 
(1)
tained by Fourier transforming the ΔX SR (Q) function after making a Harwell 
spline ﬁt [115] to the data and applying a cosine window function between 10 
A
−1 
and 15 ˚ . By comparison with the bond distances reported for small rare 
earth elements in crystalline systems containing R, Ge and Se or R, Ga and 
(1)
Se (see table 7.3) the prominent ﬁrst peak in ΔX GR (r) at r2 2.93(3) ˚= A 
is attributed to the nearest neighbour R-Se correlations. The second peak 
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Figure 7.8: The x-ray total minus weighted diﬀerence function ΔX S
(1)(Q). The 
bars represent the statistical errors and the solid (red) curve is the Fourier back-
transform of the corresponding ΔX G
(1)(r) function, shown by the black curve 
in ﬁgure 7.9 after the un-physical low-r oscillations are set to the theoretical 
ΔX G
(1)(0) = 0 limit. 
at r3 3.70(5) ˚= A is attributed to a superposition of R-Ge and R-Ga cor­
relations and the shoulder at r4 = A is consistent with the nearest 4.40(5) ˚
neighbour R-R distance. The r-dependent weighting factor was removed from 
the gRSe(r) partial pair distribution function by Fourier transforming the func­
tion ΔX F 
(1)
(Q)/2cRcSefSe(Q) [fHo(Q) − fY(Q)]. Hence, a coordination num-R 
Seber n¯R = 5.0(2) was obtained from the R-Se peak in the resulting real space 
function by integrating over the range 2.64 ≤ r (A˚) ≤ 3.31. 
The x-ray total minus weighted diﬀerence function ΔX S
(1)(Q) is plotted 
A
−1 
































Figure 7.9: The x-ray total minus weighted diﬀerence function ΔX G
(1)(r) ob­
tained by Fourier transforming the ΔX S
(1)(Q) function shown in ﬁgure 7.8 
after making a Harwell spline ﬁt [115] to the data and applying a cosine win-
A
−1 
dow function between 20 and 22 ˚ , where the dashed (red) curve indicates 
the extent of the un-physical low-r oscillations. The ΔX G
(1)(r) function ob­
tained by Fourier transforming the spline ﬁtted ΔX S
(1)(Q) function truncated 
A
−1 
at a maximum scattering vector Qmax = 22 ˚ using a Lorch [33] modiﬁca­
tion function is also shown (solid blue curve), where the dashed (blue) curve 
indicates the extent of the un-physical low-r oscillations. 
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function is plotted in ﬁgure 7.9 and was obtained by Fourier transforming 
the ΔX S
(1)(Q) function after making a Harwell spline ﬁt [115] to the data 
A
−1 
and applying a cosine window function between 20 and 22 ˚ . The ﬁrst 
peak at r1 = A is attributed to a superposition of Ge-Se and Ga-Se 2.39(2) ˚
Secorrelations and, as for the GX (r) functions, a coordination number of n¯Ge = 
4.1(1) was obtained from the ﬁrst peak in the Fourier transform of the function 
ΔX F 
(1)(Q)/2cSefSe(Q)fGe(Q) by integrating over the range 2.15 ≤ r (A˚) ≤ 
2.64 and assuming a contribution to the peak area from Ga-Se correlations, 
Sewhere n¯Ga = 4. 
The prominent peak at r = A that was observed in the GX (r)2.99(3) ˚
functions and attributed largely to the R-Se correlations is not present in 
ΔX G
(1)(r). However, although no peak is apparent, there is a ﬁnite intensity 
at r � 3.05 A˚ which remains even after the data was smoothed by applying a 
Lorch [33] modiﬁcation function to ΔX S
(1)(Q) in order to reduce the appear­
ance of the Fourier transform truncation artifacts (see ﬁgure 7.9). The ﬁnite 
intensity may therefore arise from other matrix-matrix atom correlations, for 
example the Ge-Ge nearest neighbour distance rGeGe = A for edge 3.02(2) ˚
sharing GeSe4 tetrahedra [192]. 
7.5 Discussion 
Table 7.3: The R-Se nearest neighbour distance rRSe, average coordination 
Senumber n¯R and the minimum nearest neighbour R-R distance rRR (min) for 
crystal structures containing R, Ge and Se or R, Ga and Se, where R represents 
a rare earth element Eu, Gd, Tb, Dy or Y. 
Crystal A) nSe A) A) A) Ref.rRSe (˚ ¯R rRGe (˚ rRGa (˚ rRR (min) (˚
EuGa2Se4 3.18-3.23 8 – 3.98-4.08 5.44 [242] 
Eu2GeSe4 3.10-3.31 7 3.70-4.32 – 4.20 [241] 
Gd3CuGeSe7 2.95-3.11 8 3.78-4.48 – 4.44 [238] 
Tb3CuGeSe7 2.91-3.16 8 3.78-4.47 – 4.41 [238] 
Dy3CuGeSe7 2.85-3.15 8 3.75-4.50 – 4.39 [247] 





Few structural studies have been performed on the glassy R-Ge-Ga-Se sys­
tem and crystal structures of this system are not reported in the literature. 
Some information on the nearest neighbour coordination environment of the 
rare earth ions can nevertheless be gained from other systems containing R, 
Ge and Se or R, Ga and Se, as listed in table 6.4. Coordination numbers re-
Oported for other systems containing small rare earth ions include, e.g. n¯R = 6 
Cl Iin crystalline RP3O9 [228], n¯R = 6 in molten YCl3 [249] and n¯R = 5 in 
molten ScI3 [250]. A coordination number n¯
S = 5 has also been reported for Yb 
(Yb2S3)0.10(La2S3)0.20(Ga2S3)0.50(GeS2)0.20 glass using EXAFS [186]. However, 
the coordination number n¯Se = 5.0(2) obtained from the ﬁrst order diﬀerence R 
function ΔX G
(1)
(r) in the present study is not expected as it is inconsistent R 
with the values of n¯Se � 8 reported for the crystalline systems in table 6.4. R 
7.6 Conclusions 
The method of isomorphic substitution in x-ray diﬀraction was used to study 
the structure of (R2Se3)0.07(Ga2Se3)0.33(GeSe2)0.60 glasses, where R denotes 
Ho or Y. The structure of this material is based on a network of GeSe4 and 
(1)
GaSe4 tetrahedra. The ﬁrst order diﬀerence function ΔX GR (r) gives a nearest 
neighbour R-Se bond length rRSe = 2.93(3) A˚ but gives an unexpectedly small 
Secoordination number of n¯R = 5.0(2). An estimate for the minimum R-R 







8. Structure of GeO2 glass at 
high pressure I 
The work presented in this chapter is also reported in Refs. [191] and [251]. 
8.1 Introduction 
Under the extreme pressures and temperatures experienced deep inside plan­
etary interiors, crystalline materials can undergo large structural and phys­
ical changes and form distinct polymorphic structures [252–256]. Similar 
changes may also be observed in liquids and amorphous solids, forming distinct 
polyamorphic phases of the same stoichiometry but diﬀerent local structure 
and density [13, 14]. In order to investigate the structural transformations 
and properties of materials at such extreme conditions, in situ diﬀraction and 
spectroscopy methods are typically employed using diamond anvil cells which 
are capable of pressures of up to ≈ 400 GPa [46–48]. However, diamond anvil 
cells prohibit the application of neutron diﬀraction methods due to the small 
sample size. Instead, the larger volume Paris-Edinburgh cell, described in 
§ 3.3, can be employed up to pressures of 30 GPa [49, 50]. 
Silica, SiO2, is the most abundant compound present within the crust and 
upper mantle of the Earth and terrestrial planets [258–261]. The structural 
transformations of crystalline and amorphous silicate minerals and melts and 
the associated changes of physical properties, e.g. compressibility, thermal ex­
pansivity and viscosity, govern some major geophysical principles. These in­
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Figure 8.1: Cross section of the Earth’s interior with a plot of depth vs. pres­
sure data from the Preliminary Reference Earth Model (PREM) of Dziewonski 




clude deep-earthquake faulting which results from the interaction of the sub­
ducted solid state lithosphere and mantle [262, 263], the diﬀerentiation and 
evolution of the composition of planetary interiors [264–267], and the response 
of the Earth’s crust and mantle to meteorite impacts [267–269]. At ambi­
ent pressure the most common polymorph of SiO2 is α-quartz in which the 
Si atoms are 4-fold coordinated by oxygen [270–272]. At elevated pressure 
and temperature α-quartz transforms to Stischovite, in which the Si atoms 
are 6-fold coordinated [261, 273, 274]. A similar transformation from 4-fold 
to 6-fold coordinated Si has been observed in silica glass at pressures up to 
50 GPa [265, 275–280]. As illustrated in ﬁgure 8.1, this pressure corresponds 
to depths within the Earth’s crust and mantle of greater than 1000 km. Due 
to the challenging nature of high pressure experiments and the inherent struc­
tural disorder of silica glass, the pressure induced structural transformation 
mechanism of silica glass is not yet fully understood [278]. 
Germania (GeO2) is in many respects a structural analogue of silica [281] 
and serves as a model compound to study the polyamorphic structures of these 
binary network glass forming systems. For example, a variety of spectroscopic 
[282–284] and diﬀraction [285–287] studies have shown that high pressure struc­
tural transformations take place in glassy GeO2, that are analogous to those 
in glassy SiO2, with 6-fold coordinated Ge being reported from in situ x-ray 
diﬀraction measurements [285] at the much lower and more experimentally ac­
cessible pressure of 15 GPa. The previously reported neutron diﬀraction data 
sets are, however, limited to a maximum pressure of 5 GPa and have large 
statistical uncertainties [285]. 
The aim of this investigation is, therefore, to develop in situ high pres­
sure neutron diﬀraction methods to obtain high quality measurements of the 
total structure factor of GeO2 glass, improving upon the neutron diﬀraction 
measurements previously obtained [285] and opening up a new realm of ex­
perimental possibility for measuring the structure of glasses at high pressure. 
This includes making isotopic substitution experiments feasible, the results of 
which would help to elucidate the mechanisms by which high pressure struc­
tural transformations occur in glasses. 
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8.2 Theory 
As derived in § 2.2, the coherent scattered intensity measured in a neutron 
diﬀraction experiment on a multicomponent glass system is represented by the 
total structure factor F (Q), deﬁned as 
n n
F (Q) = 
�� 
cαcβ bαbβ[Sαβ (Q) − 1], (8.1) 
α=1 β=1 
where n denotes the total number of chemical species α or β, cα and bα rep­
resent the atomic fraction and coherent neutron scattering length of chemical 
species α, respectively, Sαβ (Q) is a Faber-Ziman partial structure factor and 
Q is the scattering vector. The coherent neutron scattering lengths for GeO2 
glass are bGe = 8.185(20) fm and bO = 5.803(4) fm [30]. The total structure 
factor can therefore be written as 
F (Q) = A[SGeGe(Q) − 1] + B[SOO(Q) − 1] + C[SGeO(Q) − 1], (8.2) 
where A = c2Geb
2




O = 0.1497(5) barn and 
C = 2cGecObGebO = 0.2111(5) barn. The corresponding real space infor­
mation is given by the total pair distribution function G(r) which is obtained 
by the Fourier transform 
1 
� ∞





cαcβ bαbβ[gαβ(r) − 1] 
α=1 β=1 
= A[gGeGe(r) − 1] + B[gOO(r) − 1] + C[gGeO(r) − 1], (8.3) 
where n0 denotes the atomic number density, gαβ(r) is a partial pair distribu­
tion function and r is a distance in real space. As deﬁned in equation 2.12, the 
Ocoordination number n¯Ge is determined by integrating over the nearest neigh­
bour peak in G(r), for which it is assumed that only the gGeO(r) correlations 
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cαcβbαbβ . (8.4) 
For GeO2 glass G(0) = −0.4352(9) barn. 
In an x-ray diﬀraction experiment, the scattered intensity is conventionally 
denoted by the total x-ray structure factor SX (Q) which, within the indepen­














cαfα(Q)cβ fβ(Q) [Sαβ (Q) − 1] , (8.5) 
α=1 β=1 
where fα(Q) represents the Q dependent neutral atom form factor for atomic 
species α. The total x-ray pair distribution function GX (r) is obtained by 
Fourier transforming the SX (Q) function. However, because the partial struc­
ture factors are weighted by Q-dependant form factors, the gαβ(r) correlations 
are convoluted by the Fourier transform of the form factors in real space. The 
coordination number cannot therefore be calculated by integrating over the 
ﬁrst peak in GX (r). Instead, provided the nearest neighbour peak in the GX (r) 
function arises solely from the Ge-O correlations, the FX (Q) function is divided 
by the weighting factor for the SGeO(Q) function, i.e. 2cGefGe(Q)cOfO(Q), such 
that in the Fourier transform the r-dependent weighting factor is removed from 
the gGeO(r) partial pair distribution function [191]. 
8.3 Neutron diﬀraction study A 
The structural transformations that occur in GeO2 glass at high pressures are 
not retained upon decompression [286]. Therefore, high pressure diﬀraction 
experiments must be performed in situ. The objective of this experiment was 
to assess the operation of a Paris-Edinburgh press installed for the ﬁrst time 
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on the D4C instrument at the ILL, France, described in § 3.2.1, to measure 
accurate diﬀraction patterns for GeO2 glass at high pressures. The VX5 vari­
ant Paris-Edinburgh press was used since it has only two support pillars and 
therefore avoids unwanted scattering and attenuation eﬀects. By mounting the 
press in transmission geometry a large range of scattering angles 2θ is acces­
sible to the D4C detector array. An incident neutron wavelength of � 0.7 A˚ 
provides an optimum incident neutron ﬂux and enables the use of cadmium 
(Cd), an excellent neutron absorber at this wavelength, as an eﬀective shield­
ing material to reduce background scattering from the Paris-Edinburgh cell 
assembly and anvils. The high incident neutron ﬂux and very high counting 
stability of the D4C instrument are vital in order to obtain accurate diﬀraction 
patterns from the very small sample volume (< 0.05 cm3) which is limited by 
the geometry of the cell. 
8.3.1 Experimental procedure 
Glass preparation 
The GeO2 glass was made by heating ≈ 3 g of powdered Germanium (IV) 
Oxide (Alfa Aesar, 99.9999%) contained in a 10% Rhodium Platinum crucible 
in air at 1600◦C. After ≈ 30 min the crucible was removed from the furnace 
and placed onto a nitrogen cooled brass block where liquid nitrogen was poured 
over the melt to increase the quench rate. The resulting transparent, colourless 
sample was annealed at a temperature of 600◦C [288]. Unfortunately this 
temperature is 20 ◦C above the highest reported Tg of GeO2 [289] and hence 
the sample experienced some re-crystallisation during annealing. Since GeO2 
is hygroscopic, the glass sample was stored in a desiccator containing silica 
gel (BDH, granules) until immediately prior to the experiment. For the in 
situ neutron diﬀraction experiments, a pre-compressed pellet was formed to 
ensure a large sample packing fraction thus reducing the number of voids in the 
powder and improving the pressure response of the cell to the applied force. 
The pellet was formed by Klotz [290] at the Pierre & Marie Curie University, 
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Paris using ﬁnely powdered GeO2 glass which was compressed using a powder 
press die of identical geometry to the single toroid sample cell (see ﬁgure 3.9). 
The resulting pellet was extremely fragile and, after removing from the powder 
press, the middle section disintegrated. Additional ﬁne powder was therefore 
added to bulk out the sample for the diﬀraction experiment giving a total 
sample mass of ≈ 0.2 g. 
Modulated Diﬀerential Scanning Calorimetry 
Figure 8.2: Modulated diﬀerential scanning calorimetry (MDSC) scans for 
GeO2 glass, where the blue curve denotes the reversible heat ﬂow, the red 
curve denotes the non-reversible heat ﬂow and the black curve denotes the 
reversible heat capacity Cp signal. 
The glass transition temperature Tg and change in heat capacity ΔCp for 
the GeO2 glass was measured by modulated diﬀerential scanning calorimetry 
(MDSC) using a TA Instruments DSC Q100 machine. The Tg for GeO2 has 
been previously reported at several temperatures namely 476 [291], 550 [292], 
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560 [293] and 580 ◦C [289]. Since the upper limit of the operating temperature 
of the standard TA Refrigerated Cooling System (RCS) is only 550 ◦C, a 
TA Finned Air Cooling System (FACS) was installed to enable temperature 
modulation up to 725 ◦C. The sample and reference pans were constructed 
from gold (0.025 mm thick foil, Aldrich, 99.99%) with a ﬂat circular base 
of 5 mm diameter and walls of 2 mm height. The sample and reference pans 
had identical masses (within ± 0.5 mg) and were both annealed in a furnace at 
750 ◦C for 3 hours prior to the experiment to relieve any residual internal stress 
in the gold structure that could lead to ﬂuctuations in the MDSC baseline. 
A ﬁnely powdered sample of GeO2 glass of mass 17.18 mg was loaded into 
the annealed gold sample pan. An annealed gold lid was placed on top of the 
powder and crimped with the walls of the pan to ensure good thermal con­
tact over the entire sample. The sample was ﬁrst equilibrated at 150 ◦C for 
2 hours to remove any adsorbed H2O and then heated over the temperature 
range 400 ≤ T ◦C ≤ 700 at a rate of 3.00 ◦C min−1 with a temperature mod­
ulation of ± 0.5 ◦C every 100 s. Nitrogen gas (BOC, Oxygen free), ﬂowing 
at 50 ml min−1 , was used to purge the instrument of moisture and oxygen 
and to provide eﬃcient heat transfer between the sample pans and the DSC 
cell contacts. A nitrogen gas line was also used to provide cooling gas for the 
FACS and a desktop fan was used to cool the bell jar assembly of the MDSC 
head to assist heat dissipation. The reversible and non-reversible components 
of the heat ﬂow and heat capacity Cp were recorded every 0.2 s and are plotted 
in ﬁgure 8.2. Unlike the standard RCS, the FACS is not designed for routine 
MDSC experiments and hence the temperature modulation was not so pre­
cisely deﬁned. The results were therefore extremely diﬃcult to obtain as large 
ﬂuctuations were observed in the baseline of the DSC signals. Nevertheless an 
endothermic step is observed in the reversible heat ﬂow signal in the expected 
region for the glass transition. A mid-point glass transition temperature of 
Tg = 566(2) 
◦C was obtained by drawing a tangent line to the data in the 
transition region of the reversible heat ﬂow to ﬁnd the point of inﬂection. A 
change in heat capacity through Tg of ΔCp = 0.018(5) Jg
−1 ◦C−1 was obtained 
from the observed step in the reversible heat capacity curve. The small ΔCp is 
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typical of open network systems and the mean value of Cp ≈ 0.65(1) Jg−1 ◦C−1 
is comparable to a value of Cp ≈ 0.7 Jg−1 ◦C−1 reported by Angell [8]. 
The neutron diﬀraction experiment 
The VX5 variant Paris Edinburgh press used for the in situ high pressure 
neutron diﬀraction experiments is shown in ﬁgure 8.3. The monochromatic 
neutron beam, with an incident wavelength of 0.69566(7) A˚ and beam width 
of 11 mm, was collimated using boron carbide (10B4C) ﬂags set to give a beam 
height of 4 mm centered on the GeO2 glass pellet encapsulated between the 
single toroid cubic boron nitride (BN) anvils by a null scattering Ti-Zr gasket, 
denoted gasket 1. The neutron beam, incident on the edge of the gasket, was 
further collimated to the separation h of the BN anvils, determined by the 
thickness of the Ti-Zr gasket, deﬁning a cylindrical sample geometry for the 
incident and scattered beam (see ﬁgure 8.4). At ambient pressure the sample 
height and diameter were 1.6 mm and 6 mm, respectively. The relatively 
large height of the incident neutron beam, by comparison with the sample 
height, was chosen to account for the vertical displacement of the compression 
anvil upon the application of pressure and to ensure the sample remained fully 
illuminated by the neutron beam. 
The pressure was applied using a hydraulic pump. The force F on the 
compression anvil is given by 
F = pA = Lg, (8.6) 
where p denotes the oil pressure, A = 66.5 cm2 is the piston cross sec­
tion for the VX5 variant Paris-Edinburgh press, L is the applied load and 
g = 9.80665 m s−2 is the standard acceleration due to gravity. A nominal load 
of 1.0 tonne was ﬁrst applied, to ensure the sample and gasket took the shape 
of the anvils, before performing an ambient pressure diﬀraction experiment on 
the GeO2 glass. Further high pressure experiments were performed, applying 
loads at ≈ 20 tonne intervals up to 101.7 tonne. To obtain reasonable counting 
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Figure 8.3: The VX5 variant Paris-Edinburgh press assembly mounted in 
transmission geometry prior to installation on the D4C instrument for study 
A, orientated such that the compression anvil is on top. The neutron beam is 
incident from the left hand side and is collimated by the 10B4C ﬂags shown, 
which deﬁne a beam height of 4 mm centered on the sample position at ambient 
pressure. 
Figure 8.4: A cross section of the single toroid pressure cell used at D4C. In 
transmission geometry, the neutron beam, as shown by the arrows, is incident 
on the edge of the null scattering Ti-Zr gasket, which encapsulates the sample 
between the boron nitride anvils, and scatters from the sample and gasket into 
the D4C detectors. 
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Figure 8.5: The dimensions of the sample and null scattering Ti-Zr gasket from 
study A at (a) ambient pressure and (b) recovered from 101.7 tonne. The green 
arrows indicate the width of the incident neutron beam. Equation 8.9 was used 
to calculate the maximum pressure P0 = 8.6(5) GPa on the sample from the 
outer radius of the recovered gasket rg = 8.625 mm (see ﬁgure 8.7). 
statistics, neutrons were counted for 4.0 hr in the ambient pressure measure­
ment and for up to 8.5 hr in the higher pressure experiments (see table 8.1). 
On recovery back to ambient pressure the GeO2 sample had compacted into a 
transparent solid. The recovered gasket was deformed, as shown in ﬁgure 8.5, 
by comparison to the dimensions of the gasket at ambient pressure. 
To characterise the gasket scattering, ambient pressure diﬀraction patterns 
were measured for an uncompressed empty Ti-Zr gasket, denoted gasket 2, and 
the empty Ti-Zr gasket recovered from the 101.7 tonne experiment, denoted 
gasket 3. To assist in the data normalisation at diﬀerent pressures, ambient 
pressure diﬀraction patterns were measured for large (V pellet 1) and small (V 
pellet 2) vanadium pellets in gaskets 2 and 3, respectively (see table 8.1). The 
vanadium pellets were machined from a vanadium rod (Alfa Aesar, 99.5 %) 
to the single toroid anvil proﬁle with the height of the cylindrical section 
measuring 1.6 mm for V pellet 1 and 1.2 mm for V pellet 2. A diﬀraction 
pattern was also measured with the anvils separated by 1.5 mm to assist in 
estimating the background scattering and, to examine the eﬀect of sample self­
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Table 8.1: Details of the experimental runs. The load L on the piston was 
determined using equation 8.6 at the corresponding oil pressure p. The sepa­
ration h of the anvils was determined by the thickness of the gaskets and was 
either measured or, for the in situ pressure measurements marked by †, was 
estimated by using a linear extrapolation procedure (see § 8.3.2). Note, the 
anvil separation at the highest pressure is smaller than the thickness of the 
recovered gasket, due to relaxation of the gasket on recovery. The neutron 
counting time t is also listed. 
Sample Gasket h (mm) p (bar) L (tonne) t (hr) 
GeO2 glass 1 1.6 15 1.0 4.0 
GeO2 glass 1 1.2 
† 300 20.3 4.5 
GeO2 glass 1 0.9 
† 600 40.7 6.5 
GeO2 glass 1 0.7 
† 900 61.0 8.5 
GeO2 glass 1 0.5 
† 1200 81.4 8.0 
GeO2 glass 1 0.4 
† 1500 101.7 7.0 
Empty uncompressed gasket 2 1.6 15 1.0 6.5 
Empty recovered gasket 3 0.52 15 1.0 6.0 
V pellet 1 2 1.6 15 1.0 4.0 
V pellet 2 3 0.52 15 1.0 4.0 
Cd pellet 1 2 1.6 15 1.0 1.0 
Cd pellet 2 3 0.52 15 1.0 1.0 
Empty anvils – 1.5 – – 1.0 
Gasket 1 : used to encapsulate the sample 
Gasket 2 : uncompressed gasket 
Gasket 3 : gasket 1 recovered from 101.5 tonne 
shielding on the background count rate at small scattering angles, diﬀraction 
patterns were measured for large (Cd pellet 1) and small (Cd pellet 2) cadmium 
pellets in gaskets 2 and 3, respectively (see table 8.1). The cadmium pellets 
were formed from Cd foil compacted in a press to the single toroid anvil proﬁle 
with the height of the cylindrical section measuring 1.6 mm for Cd pellet 1 and 
1.0 mm for Cd pellet 2. For these background and calibration runs, a nominal 
load of 1.0 tonne was applied to ensure the gasket was seated tightly in the 
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Figure 8.6: An illustration of the pressure gradient across the sample and 
gasket assembly during a high pressure experiment. The pressure P at radius 
r can be expressed by the function P (r) = −ar2 + P0, where P0 is the pressure 
at the sample position and a is a constant. 
During the high pressure experiments, there is a large pressure gradient 
across the sample and gasket assembly. As illustrated in ﬁgure 8.6, the pressure 
P at a speciﬁed radius r from the centre of the sample and gasket assembly 
can be approximated by the function [45] 
P (r) = −ar 2 + P0, (8.7) 
where P0 is the maximum pressure at the sample position. The boundary 
conditions are P (r = 0) = P0 and P (rg) = P0 − ar2 = 0, where rg is the outer g 
radius of the gasket, giving a = P
r
0 . The total force F applied to the sample 2 
g 
and gasket assembly is determined by 
rg 
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Table 8.2: The pressure P0 at each load L together, with the corresponding 
number density n0 and sum rule S, given by equation 2.11, for GeO2 glass and 
the number density n0(Ti-Zr) for the null scattering Ti-Zr gasket, measured 
using the archimedes method at ambient pressure and estimated using equation 
8.17 at pressure Pg (given by equation 8.10) experienced across the gasket. 
L (tonne) P0 (GPa) n0 (A˚
−3 
) S (barn A˚
−3 







































Solving this equation gives 
2F 2g
P0 = = L. (8.9)
πr2 πr2 g g 
The maximum sample pressure of P0 = 8.6(5) GPa attained in the experi­
ment was determined from equation 8.9, where the radius of the gasket was 
rg = 8.625 mm after recovery from L = F/g = 101.7 tonne (see ﬁgure 8.5). 
The pressure on the sample during each experiment, given in table 8.2, was 
estimated from ﬁgure 8.7 by assuming a linear relationship between load and 
pressure (see equation 8.9), after application of an initial load of ≥ 7 tonne. 
Before this load the gasket deforms to the shape of the anvils but pressure is 
not applied to the sample. 
Estimated values for the average pressure Pg experienced across the gasket 
for each pressure P0 are listed in table 8.2 and were calculated using 
P (rg) − P (rg� )
Pg = , (8.10)
2 
where rg
� denotes the inner radius of the gasket and the pressure P (rg
� ) was 
calculated from equation 8.7. This is, however, a crude method as the pressure 
does not vary linearly with r. At radius rg
� the total force applied to the gasket 
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Figure 8.7: Load L applied to the VX5 variant Paris-Edinburgh cell piston 
versus pressure P0 at the sample position from measurements of powdered 
samples at 300 K [294] (open blue diamonds), LiCl-doped ice at 85 K [294] 
(solid green squares), GeO2 glass after applying equation 8.9 using the radius 
of the recovered gasket from L = 101.7 tonne (solid red circle) and by using 
the radius of recovered gaskets from subsequent measurements of GeO2 glass 
in study B (crossed black circle) (see § 8.5) and GeS2 glass [191] (open black 
triangle). The other data points (open red circles) were obtained after assum­
ing a linear relationship between load and pressure between an initial load of 
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and sample assembly is given by 
rg
�
F = 2πrdrP (r) (8.11) 
0 











As given in equation 8.9, the total force applied at radius rg is given by 
1 
F (rg) = πrg 
2P0. (8.13)
2 






� �2 1 �rg� �4� 
Fg = F (rg) − F (rg� ) = πP0rg 2 − rg + 2 rg . (8.14) 
Since the area of the gasket 
Ag = πrg 
2 − πr�2 (8.15)g 







� �2 1 �rg� �4� 
Pg = + . (8.16)
(rg 
2 − rg�2) 2 
− 
rg 2 rg 
In the current study, the two methods of calculating Pg represented by equa­
tions 8.10 and 8.16 give comparable values within ≈ 3 %. 
The number density of GeO2 glass at each pressure is listed in table 8.2. 
These values were obtained by interpolating between the measured density 
values of Hong et al. [287] (see ﬁgure 8.8), which are in good agreement with 
the equation of state (EOS) for GeO2 glass given by Tsiok et al. [297]. 
The density of the gasket is also required to correctly determine the atten­
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Figure 8.8: The mass density ρ and corresponding number density n0 for GeO2 
glass from in situ measurements by Hong et al. [287] (solid black squares), 
Smith et al. [295] (open red circles) and Suitio et al. [296] (green crosses), 
together with the equation of state given by Tsiok et al. [297] (dashed black 
curve). The values for samples recovered to ambient conditions from high 
pressure by Stone et al. [298] (open black triangles) and for a sample recovered 
from 9.0 GPa as measured in situ using the PEARL instrument (blue star), 
as detailed in chapter 9, are also plotted. 
uation coeﬃcients and to make accurate data corrections, as detailed in the 
following section. However, the EOS for the null scattering Ti-Zr alloy has not 
previously been determined, although the high pressure crystal structures of Ti 
[299, 302], Zr [300] and the equiatomic TiZr alloy [301, 303] have been studied. 
At room temperature, the equiatomic alloy exists in the α-phase and trans­
forms to the denser ω-phase at ≈ 12 GPa [301]. According to Vegard’s law the 
density ρ of a simple metallic alloy such as TiZr, in which the components Ti 
and Zr are completely soluble [303], can be deduced from a linear combination 
of the density of the individual components, i.e. ρ(Ti-Zr) = cTiρ(Ti)+cZrρ(Zr), 
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Figure 8.9: The number density as a function of pressure at room temperature 
for α-Ti [299] (short dashed black curve), α-Zr [300] (chained black curve), 
equiatomic α-TiZr [301] (solid black curve), equiatomic ω-TiZr [301] (dotted 
blue curve), an equiatomic linear combination of α-Ti and α-Zr (red crosses) 
and a null scattering linear combination of α-Ti and α-Zr, i.e. Ti0.676Zr0.324 
(open circles). 
where cTi and cZr denote the atomic fraction of Ti and Zr, respectively. Com­
bining the room temperature EOS for α-Ti [299] and α-Zr [300] with equal 
weighting reproduces the EOS for equiatomic α-TiZr [301] within 2 % (see 
ﬁgure 8.9). 
The coherent neutron scattering lengths for Ti and Zr are −3.438(2) and 
7.16(3) fm, respectively [30]. Therefore, the null scattering composition is 
A
−1 
Ti0.676Zr0.324. The ambient pressure number density n0(Ti-Zr) = 0.0511(5) ˚
was measured for a null scattering Ti-Zr gasket using the Archimedes method. 
This value is in agreement with that previously measured by Howells [304]. 
Combining the room temperature EOS for α-Ti [299] and α-Zr [300] using the 
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atomic fractions for the null scattering alloy reproduces the measured value 
within 2 % (see ﬁgure 8.9). Since the EOS for the null scattering Ti-Zr alloy 
has not previously been determined, experimentally or otherwise, Vegard’s 
law was employed to estimate the density of the null scattering Ti-Zr alloy at 
pressures greater than ambient using the pressure dependance of the number 
density of Ti and Zr such that 
n0(Ti-Zr) = 0.676n0(Ti) + 0.324n0(Zr). (8.17) 
The values for the number density for the null scattering Ti-Zr at each pressure 
Pg experienced by the gasket are given in table 8.2. 
8.3.2 Data analysis procedure 
The measured diﬀraction patterns are plotted in ﬁgure 8.10. The scattered 
intensity from the Ti-Zr gasket constitutes a large proportion of the total scat­
tering at each pressure with a comparable level of intensity arising from empty 
Ti-Zr gasket 2 as from the measurement of GeO2 glass at ambient pressure. 
The scattered intensity from the anvils is relatively small at low scattering an­
gles but leads to signiﬁcant steps in the measured diﬀraction patterns at higher 
scattering angles. By comparison with the empty Ti-Zr gasket measurements, 
the cadmium measurements show a small reduction in the scattered intensity 
at low scattering angles. In practice, the self-shielding correction using the 
cadmium measurements was not performed. Despite the large contributions 
to the GeO2 diﬀraction patterns from the gasket and anvils, the total structure 
factors F (Q) were successfully extracted from the measured intensities using 
the following analysis procedure, which proved to be essential for correcting 
the data sets and was developed to account for the pressure dependent sample 
and gasket geometry and associated background and attenuation factors. 
In the high pressure diﬀraction experiments, neutrons were incident on 
the edge of the null scattering Ti-Zr gasket which encapsulates the sample 
(see ﬁgure 8.4). The scattering from the Ti-Zr gasket and anvils is large and 
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Figure 8.10: The measured in situ neutron diﬀraction patterns. (a) GeO2 glass 
contained within Ti-Zr gasket 1 at ambient pressure (black), 1.2 GPa (red), 
3.1 GPa (orange), 4.9 GPa (green), 6.8 GPa (blue) and 8.6 GPa (cyan). (b) V 
pellet 1 within Ti-Zr gasket 2 (black), empty Ti-Zr gasket 2 (red), V pellet 2 in 
recovered Ti-Zr gasket 3 (orange), Cd pellet 1 in Ti-Zr gasket 2 (green), empty 
recovered Ti-Zr gasket 3 (gasket 1 recovered from 8.6 GPa) (blue), Cd pellet 
2 in recovered Ti-Zr gasket 3 (cyan), and empty anvils separated by 1.5 mm 
(magenta). 
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ometry of the sample and gasket are not explicitly known as a function of 
pressure. A linear combination of the ambient pressure diﬀraction patterns for 
an uncompressed empty gasket (i.e. gasket 2), denoted IC
E 
� (θ), and an empty 
gasket recovered from the pressure experiment (i.e. gasket 3), denoted IC
E 
�� (θ), 
is therefore made to approximate the contribution from the gasket to the total 
scattering at each pressure. The contribution to the total scattering from the 
instrument and pressure cell can be quantiﬁed by using the scattered inten­
sity from the anvils with no sample or gasket present, denoted ISC 
B (θ). The 
measured sample intensity IE (θ), corrected for pressure cell background and SC 
gasket scattering, is given by 
I � (θ) = SC SC (θ))SC	 (I






� (θ) − IB (θ)) + (1 − x)(IE SC (θ))
�
SC − AC,C (θ)	 C�� (θ) − I
B 
IE = SC (θ) − A1(θ)ICE � (θ) − A2(θ)ICE �� (θ) − A3(θ)IB (θ), (8.18)SC 
where 0 ≤ x ≤ 1. The values of the coeﬃcients A1(θ), A2(θ) and A3(θ) are 
given by 
AC,SC (θ)
A1(θ) = x , (8.19)
AC,C (θ) 
AC,SC (θ)
A2(θ) = (1 − x) , (8.20)
AC,C (θ) 
AC,SC (θ)
A3(θ) = 1 − . (8.21)
AC,C (θ) 
The attenuation factors Ai,j (θ), calculated for the sample and gasket geometry 
at ambient pressure, are plotted in ﬁgure 8.11. In practice, the θ dependence 
of the attenuation factor 
AC,SC (θ) was neglected and the exact values for A1(θ),AC,C (θ) 
A2(θ) and A3(θ) were allowed to vary from their theoretical values to ensure 
that the contributions from the gasket and anvil scattering were eliminated 
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Figure 8.11: The 2θ dependence of the attenuation coeﬃcients 
AC,SC (2θ)/AC,C (2θ) (black), AC,V C (2θ)/AC,C (2θ) (red), AC,C (2θ) (or­
ange), AC,SC (2θ) (green), AC,V C (2θ) (blue), AS,SC (2θ) (cyan), and AV,V C (2θ) 
(magenta) calculated using the GUDRUN program [111] for GeO2 glass 
and vanadium samples encapsulated in uncompressed null scattering Ti-Zr 
gaskets in cylindrical geometry deﬁned by the dimensions of the gasket at 
ambient pressure (see ﬁgure 8.5 (a)) with an incident neutron wavelength of 
0.69566(7) A˚. 
i.e. the coeﬃcients A1(θ), A2(θ) and A3(θ) did not necessarily sum to unity. 
As shown by equation 3.27, the diﬀerential scattering cross section for a 















NS AS,SC (θ) a(θ) 
− MSC (θ) − 




where NS denotes the number of sample nuclei in the neutron beam, MSC (θ) 
and MC (θ) denote the multiple scattering cross sections for the sample and the 
container, respectively, and I∗ (θ) and I∗ (θ) denote the background corrected SC C 
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intensities measured for the sample and container, respectively. In equation 
8.18, the container and background scattering has already been corrected for 
and hence 
I � (θ) ≡ I∗ (θ) − AC,SC (θ)IC ∗ (θ). (8.23)SC SC AC,C (θ) 











NS AS,SC (θ) a(θ) 
− MSC (θ) − 
AC,C (θ) 
MC (θ) . (8.24) 
When a vanadium pellet is used as the sample, equation 8.24 is written as 










NV AV,V C (θ) a(θ) 
− MV C (θ) − 
AC,C (θ) 
MC (θ) (8.25) 
where NV is the total number of vanadium nuclei in the neutron beam and the 
measured intensity I � (θ) for the vanadium pellet, corrected for background V C 
and gasket scattering, is given by 
I � (θ) = IE (θ) − AC,V C (θ)IE(θ). (8.26)V C V C CAC,C (θ) 





,V (1 + PV (θ)), (8.27)dΩ V 
where binc,V is the bound incoherent scattering length of vanadium and PV (Q) 
is the vanadium Placzek [31] inelasticity correction term. By using equations 
8.25 and 8.27, the normalisation factor a(θ) is then obtained from the relation 
a(θ) = 
IV C (θ) 
AC,V C (θ) 
. (8.28) 
NV AV,V C (θ)b2 (1 + PV (θ)) + MV C (θ) − MC (θ)inc,V AC,C (θ) 
Since the sample geometry is not explicitly known as a function of pres­
sure, the vanadium diﬀraction intensity at each intermediate pressure point 
was approximated by a linear combination of the ambient pressure diﬀraction 
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patterns taken for a piece of vanadium matching the ambient pressure cell ge­
ometry (i.e. V pellet 1) and a piece of vanadium that approximates the sample 
geometry at higher pressures (i.e. V pellet 2). A linear ﬁt was made to the 
resultant vanadium intensity to ensure smooth overlap between the individual 
detector groups following the vanadium normalisation. 
The total number of nuclei in the beam NS or NV , the attenuation factors 
AS,SC (θ), AC,SC (θ), AC,C (θ) and AV,V C (θ), and the multiple scattering cross 
sections MSC (θ), MV C (θ) and MC (θ), are all dependent upon the sample and 
gasket geometry. The radii of the sample and gasket at each intermediate pres­
sure were determined by interpolating between the dimensions of the gasket at 
ambient pressure and the dimensions of the gasket recovered from 8.6(5) GPa 
(see ﬁgure 8.5). The values for the thickness of the gasket and hence the anvil 
separation at each pressure are listed in table 8.1 and were also determined 
by assuming a linear relationship with increasing pressure. However, the Ti-
Zr gaskets relax on recovery from high pressure and hence the thickness of 
the recovered gasket is not the same as the in situ thickness at the highest 
pressure. The measured thickness of the recovered gasket h = 0.52 mm was 
therefore estimated as corresponding to the gasket thickness at ≈ 6 GPa. A 
linear ﬁt to the gasket thickness between 0 and 6 GPa was thus extrapolated 
to ﬁnd h at the highest pressure points. In the speciﬁc experimental geometry 
used, the incident neutron beam width was smaller than the outer diameter of 
the gasket and the attenuation coeﬃcients for this geometry were calculated 
using the GUDRUN program [111]. The CYLMULTOF program was used to 
calculate the multiple scattering cross sections deﬁned by Soper and Egelstaﬀ 
[55]. 
As shown by equation 2.5, the total structure factor F (Q) is extracted from 










inc,α)(1 + Pα(Q)) (8.29)NS dΩ S α 





b¯coh,α and b¯inc,α are the coherent and incoherent neutron scattering lengths for 
chemical species α, respectively, and Pα(Q) is the Placzek [31] (inelasticity) 
correction for species α. The approximations made in calculating the sample 
geometry and vanadium diﬀraction intensities at each pressure point and the 
uncertainty of ± 0.5 GPa in the pressure necessitate the application of an 
additional scaling factor to ensure correct data normalisation. Self consistency 
checks were performed on the data sets thus obtained to ensure that (i) each 
measured F (Q) obeys the sum-rule relation (see equation 2.11), the values of 
which are given in table 8.2, (ii) the low-r features in G(r) oscillate about the 
theoretical G(0) = −0.4352(9) barn limit and (iii) the Fourier backtransform 
of G(r) after the low-r oscillations are set to the theoretical G(0) limit are in 
good overall agreement with the original F (Q) function [113]. 
8.4 Results 
Table 8.3: The leading peak positions q1, q2 and q3 in the measured F (Q) func­
tions for GeO2 glass at pressure P0, together with the leading peak positions 
Or1, r2, r3 and coordination number n¯Ge for the corresponding G(r) functions. 
F (Q) G(r) 
OP0 (GPa) q1 (˚ ) q2 (˚ ) q3 (˚ ) ¯Ge r1 (˚ r2 (˚ r3 (˚A
−1 A−1 A−1 n A) A) A) 
0 1.55(2) 2.65(2) 4.48(5) 4.0(1) 1.72(2) 2.85(3) 4.41(5) 
1.2(5) 1.52(2) 2.42(2) 4.57(5) 4.0(1) 1.73(2) 2.98(3) 4.34(5) 
3.1(5) 1.62(2) 2.52(2) 4.52(5) 4.1(1) 1.73(2) 3.01(3) 4.34(5) 
4.9(5) 1.81(2) 2.72(2) 4.61(5) 4.1(1) 1.73(2) 2.85(3) 4.35(5) 
6.8(5) 1.92(2) 2.78(2) 4.69(5) 4.5(1) 1.75(2) 2.93(3) 4.26(5) 
8.6(5) 2.09(2) 2.77(2) 4.54(5) 4.9(1) 1.77(2) 2.90(3) 4.21(5) 
The total structure factors F (Q) for GeO2 glass measured by in situ neu­
tron diﬀraction using the Paris-Edinburgh cell at various pressures up to 
8.6(5) GPa are plotted in ﬁgure 8.12. The F (Q) functions have good counting 
statistics although the data sets at the highest pressures, speciﬁcally 6.8(5) and 
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Figure 8.12: Total structure factors F (Q) for GeO2 glass at (a) ambient 
pressure, (b) 1.2(5) GPa, (c) 3.1(5) GPa, (d) 4.9(5) GPa, (e) 6.8(5) GPa 
and (f) 8.6(5) GPa. The bars represent the statistical errors and the solid 
(red) curves are the Fourier back transforms of the G(r) functions plotted 
in ﬁgure 8.13 after the un-physical low-r oscillations are set to the G(0) = 
−0.4352(9) barn limit. The dashed (blue) curve in (a) is the F (Q) for GeO2 





























































Figure 8.13: Total pair distribution functions G(r) for GeO2 glass at (a) am­
bient pressure, (b) 1.2(5) GPa, (c) 3.1(5) GPa, (d) 4.9(5) GPa, (e) 6.8(5) GPa 
and (f) 8.6(5) GPa, as obtained by Fourier transforming the corresponding 
F (Q) functions plotted in ﬁgure 8.12 after making a Harwell spline ﬁt [115] to 
A
−1 
the data with Qmax = 15.45 ˚ . The dashed (red) curves indicate the extent 
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OFigure 8.14: Running coordination number n¯Ge (red curves) obtained by inte­
grating over the nearest neighbour peak of the total pair distribution function 
G(r) given in ﬁgure 8.13 (black curves) for GeO2 glass at (a) ambient pres­
sure, (b) 1.2(5) GPa, (c) 3.1(5) GPa, (d) 4.9(5) GPa, (e) 6.8(5) GPa and 





background correction is insuﬃcient. The total pair distribution functions G(r) 
at the various pressures are plotted in ﬁgure 8.13 and were obtained by Fourier 
transforming the corresponding F (Q) functions after making a Harwell spline 
A
−1 
ﬁt [115] to the data with Qmax = 15.45 ˚ . The ﬁrst peak in real space, 
at r1 = A in the ambient pressure G(r), is attributed to the near­1.72(2) ˚
Oest neighbour Ge-O correlations [305]. The running coordination number n¯Ge 
at each pressure, obtained by integrating over the region of the ﬁrst peak in 
the corresponding G(r) function, are plotted in ﬁgure 8.14. The second peak 
in real space, at r2 = A in the ambient pressure G(r), is attributed 2.85(3) ˚
to O-O correlations by comparison with the measured partial pair distribu­
tion functions [305, 306] which give the nearest neighbour O-O distance at 
rOO = 2.83(1) ˚ It is not possible to resolve the nearest neighbour Ge-Ge A. 
distance expected at rGeGe = A [306]. 3.16(1) ˚ The positions of the leading 
Opeaks in the F (Q) and G(r) functions together with n¯Ge, which was taken as 
the value of the running coordination number at the ﬁrst minimum in G(r) 
following the ﬁrst peak, are listed in table 8.3. 
As shown ﬁgure 8.12 (a), the measured in situ ambient pressure F (Q) is in 
good agreement with the F (Q) function for natGeO2 glass previously obtained 
at D4C using a conventional neutron diﬀraction set-up with a much larger 
A
−1 
sample volume [305], with the exception of a sharp Bragg peak at 2.65(2) ˚
in the former which was due to a partial re-crystallisation of the sample during 
A
−1 
synthesis. The ﬁrst sharp diﬀraction peak (FSDP) at 1.55(2) ˚ is a char­
acteristic of intermediate range ordering in network glasses [306] and arises 
from cage-like structures that enclose open regions in the network of corner 
shared GeO4 tetrahedral structural units [285, 286]. With increasing pressure 
the FSDP undergoes a clear reduction in intensity and shifts towards higher 
Q values. 
In real space, the Ge-O peak at 1.72(2) A˚ yields a coordination number 
O On¯Ge = 4.0(1) at ambient pressure. There is no change in the n¯Ge coordina­
tion number until the pressure is increased beyond ≈ 5 GPa. At 8.6 GPa 
On¯Ge = 4.9(1) which suggests the coexistence of GeO4 tetrahedra with either 
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GeO5 pentahedra, GeO6 octahedra or even a mixture of all three structural 
units. The observed increase in n¯O is accompanied by an increase in the near-Ge 
est neighbour Ge-O bond distance rGeO from 1.72(2) A˚ at ambient pressure to 
1.77(2) A˚ at 8.6(5) GPa. This distance is within the range of bond distances 
for GeO5 pentahedra of 1.82 ≤ rGeO (A˚) ≤ 1.93 in germanate glasses [307, 308] 
and 1.77 ≤ rGeO A) ≤ 1.97 in crystalline K2Ge8O17 [309].(˚
8.4.1 Discussion 
Despite the small size of the sample in the PE cell (< 0.05 cm3) the statisti­
cal errors are relatively small and the data could be corrected for background 
scattering. However, the data correction procedure is more diﬃcult at higher 
pressures due to background scattering from the anvil and press assembly. Nev­
ertheless, notable structural changes were observed with increasing pressure, 
speciﬁcally in the position and intensity of the FSDP and in the coordination 
number and nearest neighbour bond distance. A reduction of the background 
scattering, and hence an improvement in the quality of the measured diﬀrac­
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8.5 Neutron diﬀraction study B 
The previous study A showed that the measurement of accurate in situ high 
pressure neutron diﬀraction patterns for GeO2 glass is possible using the Paris-
Edinburgh press mounted on the D4C diﬀractometer. However, although suc­
cessful at low pressures, the data correction procedure is more diﬃcult at higher 
pressures due to the large background scattering intensity from the anvil and 
press assembly by comparison to the inherently diﬀuse scattering from the 
glass sample. The objective of this investigation is to reduce the background 
scattering from the anvil and press assembly by improving the neutron shield­
ing and to thus obtain high quality diﬀraction patterns at high pressures, of 
suitable caliber for future application of the method of isotopic substitution in 
neutron diﬀraction to measure the partial structure factors of liquid and glassy 
materials. 
8.5.1 Experimental procedure 
Glass preparation 
The GeO2 glass was made by heating ≈ 1.35 g of powdered Germanium (IV) 
Oxide (99.9999%) contained in a platinum crucible (supported by an alumina 
crucible) in air at 1400◦C. After ≈ 2 hr, the crucible was removed from the 
furnace and placed on a copper block to cool to room temperature. Neutron 
diﬀraction experiments were previously performed on this glass [305, 306] and 
the coarsely powdered sample was stored under dry conditions for a period 
of ≈ 2 yr. To avoid excessive exposure to atmospheric H2O, the following 
pelleting process was performed immediately prior to the experiment. A piece 
of the GeO2 glass was powdered using an agate pestle and mortar and pre-
compacted into a pellet, matching the geometry of the single toroid anvils, 
using the tungsten carbide die illustrated in ﬁgure 8.15. The ﬁnely powdered 
GeO2 glass was ﬁlled into the die and compressed using a powder press at the 
ILL facility with an applied load of 3 tonne for ≈ 30 min. The pressure � 
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where A is the area of the die and g = 9.80665 ms−2 is the standard accel­
eration due to gravity. The die has a diameter of 6 mm and therefore the 
pre-compaction process applied a pressure of � ≈ 1 GPa to the sample. The 
distance D shown in ﬁgure 8.15 was measured before and after compression 
and additional powder added where appropriate until the diﬀerence between 
the measured values of D was equal to 1.6 mm, i.e. the thickness of the gasket. 
The pre-compacted pellet was extremely fragile and the middle section disin­
tegrated after removing it from the powder press. Additional ﬁne powder was 
therefore added to bulk out the sample for the diﬀraction experiment. The 
total mass of the pellet was ≈ 0.3 g which was larger than the mass of sample 
used in study A. 
The neutron diﬀraction experiment 
In situ high pressure neutron diﬀraction experiments were conducted on the 
glassy GeO2 pellet using the VX5 variant Paris-Edinburgh press mounted in 
transmission geometry on the D4C diﬀractometer at the ILL, France. In con­
trast to experiment A, the press was orientated such that the compression 
anvil was situated at the bottom of the press for improved accessibility dur­
ing sample loading. The monochromatic neutron beam, of incident wavelength 
0.69599(7) A˚ and width of 11 mm, was collimated using 10B4C ﬂags set to 4 mm 
centered on the GeO2 glass pellet encapsulated between the single toroid BN 
anvils by a null scattering Ti-Zr gasket, denoted gasket 4. As in study A, the 
neutron beam was incident on the edge of the gasket (see ﬁgure 8.4) and was 
further collimated to the separation h of the BN anvils, determined by the 
thickness of the Ti-Zr gasket, deﬁning a cylindrical sample geometry for the 
incident and scattered beam with a height and diameter of 1.6 mm and 6 mm, 
respectively, at ambient pressure. Cadmium (Cd) foil of thickness 0.3 mm was 
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Table 8.4: Details of the experimental runs. The load L on the piston was 
determined using equation 8.6 at the corresponding oil pressure p. The sepa­
ration h of the anvils was determined by the thickness of the gaskets and was 
either measured or, for the in situ pressure measurements marked by †, was 
estimated by using a linear extrapolation procedure (see § 8.3.2). Note, the 
anvil separation at the highest pressure is smaller than the thickness of the 
recovered gasket, due to relaxation of the gasket on recovery. The neutron 
counting time t is also listed. 
Sample Gasket h (mm) p (bar) L (tonne) t (hr) 
GeO2 4 1.6 100 6.8 5.5 
GeO2 4 1.0 
† 450 30.5 8.5 
GeO2 4 0.8 
† 750 50.9 7.5 
GeO2 4 0.7 
† 900 61.0 7.0 
GeO2 4 0.6 
† 1050 71.2 10.0 
GeO2 4 0.4 
† 1400 94.9 10.0 
Ordinary empty gasket 5 1.6 0 0 9.0 
Empty recovered gasket 3 0.52 100 6.8 9.0 
Empty recovered gasket 6 0.56 500 33.9 9.0 
V pellet 1 5 1.6 100 6.8 5.5 
V pellet 2 3 0.52 100 6.8 4.0 
Cd pellet 1 5 1.6 15 1.0 1.0 
Cd pellet 2 3 0.52 15 1.0 1.0 
Closed anvils – 0 – – 1.0 
No anvils – – – – 0.5 
Gasket 3 : gasket 1 recovered from 101.5 tonne (see study A) 
Gasket 4 : used to encapsulate the sample 
Gasket 5 : uncompressed gasket 
Gasket 6 : gasket 4 recovered from 94.9 tonne 
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Figure 8.15: Schematic of the tungsten carbide powder press dies used to form 
the pre-compressed powder pellet. Dimension units are in mm. 
used as shielding material on the anvils and further extensive Cd shielding was 
attached to the press assembly facing the incident beam, including the support 
pillars and collimation ﬂags, as shown in ﬁgure 8.16, to reduce the background 
scattering. A Cd mask was used to shield the edges of the incident beam 
aperture to the instrument belljar. 
A hydraulic pump was used to apply force to the compression anvil and 
compress the sample and gasket assembly. A nominal load of 6.8 tonne was 
ﬁrst applied to ensure the sample and gasket were seated tightly between 
the anvils. An ambient pressure neutron diﬀraction experiment on the GeO2 
206

8.5. NEUTRON DIFFRACTION STUDY B

Figure 8.16: The VX5 Paris-Edinburgh press assembly mounted in transmis­
sion geometry prior to installation on the D4C instrument for study B. The 
press is orientated such that the compression anvil is at the bottom for im­
proved accessibility during sample loading. Note the extensive use of Cd shield­
ing on the anvils, press assembly and 10B4C incident beam collimation ﬂags. 
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Figure 8.17: The dimensions of the sample and null scattering Ti-Zr gasket 
from study B at (a) ambient pressure and (b) recovered from 94.9 tonne. The 
green arrows indicate the width of the incident neutron beam. Equation 8.9 
was used to calculate the maximum pressure P0 = 8.0(5) GPa on the sample 
from the outer radius of the recovered gasket rg = 8.87 mm (see ﬁgure 8.7). 
glass was performed and ﬁve further high pressure diﬀraction experiments 
were made on the GeO2 glass up to a maximum load of 94.9 tonne. To obtain 
reasonable counting statistics, neutrons were counted for 6.0 hr in the ambient 
pressure measurement and up to 10.0 hr for the higher pressure experiments 
(see table 8.4). On recovery back to ambient pressure the GeO2 sample had 
compacted into a transparent solid. The recovered gasket was deformed, as 
shown in ﬁgure 8.17, by comparison to the dimensions of the gasket at ambient 
pressure. 
To assist the data correction procedures detailed in § 8.3.2, ambient pres­
sure measurements were also made for an uncompressed empty Ti-Zr gasket, 
denoted gasket 5, the Ti-Zr gasket 3 recovered from the 101.7 tonne experi­
ment in study A, and the closed empty anvils. In order to more accurately 
approximate the gasket scattering contribution to the diﬀraction pattern for 
GeO2 glass at the highest pressure point, the Ti-Zr gasket recovered from 
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Figure 8.18: The measured in situ neutron diﬀraction patterns. (a) GeO2 glass 
contained within Ti-Zr gasket 4 at ambient pressure (black), 2.2 GPa (red), 
4.0 GPa (orange), 4.9 GPa (green), 5.8 GPa (blue) and 8.0 GPa (cyan). (b) V 
pellet 1 in Ti-Zr gasket 5 (black), empty Ti-Zr gasket 5 (red), V pellet 2 in Ti-
Zr gasket 3 (orange), Cd pellet 1 in Ti-Zr gasket 5 (green), empty Ti-Zr gasket 
3 (recovered from 8.6 GPa in study A) (blue), Cd pellet 2 in recovered Ti-Zr 
gasket 3 (cyan), empty Ti-Zr gasket 6 (recovered from 8.0 GPa experiment in 
study B) (magenta), closed empty anvils (purple), and the background with 
the anvils removed (grey). 
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Table 8.5: The pressure P0 at each load L together, with the corresponding 
number density n0 and sum rule S, given by equation 2.11, for GeO2 glass 
and the number density n0(Ti-Zr) for the null scattering Ti-Zr gasket, given 
by equation 8.17, at the corresponding pressure Pg, given by equation 8.10. 
L (tonne) P0 (GPa) n0 (A˚
−3 
) S (barn A˚
−3 







































measured with an additional applied load of 33.9 tonne. To assist in the 
data normalisation and to examine the eﬀect of sample self-shielding on the 
background scattering, additional ambient pressure diﬀraction patterns were 
measured for the large and small vanadium and cadmium pellets, used in the 
previous study A, in the uncompressed Ti-Zr gasket 5 (large pellets) or the 
recovered Ti-Zr gasket 3 (small pellets) (see table 8.4). 
The diﬀraction data were analysed according to the procedure outlined in 
§ 8.3.2, where the maximum sample pressure P0 = 8.0(5) GPa and the interme­
diate pressure points listed in table 8.5 were obtained from the pressure-load 
curve plotted in ﬁgure 8.7. The measured diﬀraction patterns are plotted in 
ﬁgure 8.18 and show a signiﬁcant reduction in the background scattering by 
comparison with the measured intensities in study A (see ﬁgure 8.10). The 
ambient pressure diﬀraction patterns for empty Ti-Zr gasket 5 and the empty 
recovered Ti-Zr gasket 3 have the same relative levels of intensity seen for 
empty gasket 2 and the same empty recovered gasket 3 measured in study 
A, respectively. However, the un-physical steps in the diﬀraction patterns ob­
served in study A have now been virtually eliminated by the improved use 
of Cd shielding. The scattered intensity from the GeO2 glass at 8.0(5) GPa 
has experienced an approximate 2-fold increase by comparison with the scat­
tered intensity from the GeO2 glass at 8.6(5) GPa in study A, resulting from 
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a greater number of scattering centers in the neutron beam owing to a greater 
quantity of GeO2 powder being added to bulk out the powder pellet. The 
greatest contribution to the background in the sample measurements is due 
to scattering from the Ti-Zr gasket which, despite its null scattering compo­
sition, contains some small but sharp features. The remaining background, 
which is most signiﬁcant at higher scattering angles, results largely from the 
anvils. This is clearly evident from the lack of intensity at higher scattering 
angles for the no anvils measurement. The cadmium measurements show a 
signiﬁcant reduction in the scattered intensity from the Ti-Zr gaskets at all 
scattering angles. However, the self-shielding correction using the cadmium 
measurements was not performed. 
The corresponding sum rule for GeO2 glass, the GeO2 number density, 
pressure on the gasket and null scattering Ti-Zr number density, are listed in 
table 8.5 and were obtained by the same methods given in § 8.3.1. 
X-ray diﬀraction experiment 
High energy x-ray diﬀraction experiments were performed by Barnes [310] on 
an uncompressed piece of GeO2 glass and the sample recovered from 8.0(5) GPa 
using the ID11 beamline at the ESRF, France, with an incident wavelength of 
0.1220 ˚ Two dimen-A and a charge-coupled device (CCD) detection system. 
sional diﬀraction patterns were taken for the samples and instrument back­
ground at two sample to detector distances of 160 and 300 mm with an acqui­
sition time of 20 s per scan. The scattering vector Q scale was calibrated with 
reference to the Bragg peaks in the diﬀraction pattern for crystalline Si. The 
FIT2D [199] analysis program was used to correct the data for geometrical ef­
fects, such as non-orthogonality of the detector relative to the incident beam, 
and polarisation of the incident beam before integrating over the two dimen­
sional regions to produce a one dimensional diﬀraction pattern. The detector 
regions covered by the beam stop or bad pixels were masked oﬀ such that they 
did not inﬂuence the results of the integration. The data was corrected for 
background scattering and, following the procedure detailed in § 3.7, ﬁtted 
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2 contributions at high Q values, where the neutral 
atom form factors fα(Q) were taken from Ref. [201]. The Compton scatter­
ing contribution was subtracted to obtain the Rayleigh-Thomson diﬀerential 
scattering cross-section, from which the total x-ray structure factor SX (Q) was 
obtained. The number density of the uncompressed GeO2 sample was taken 
A
−3 
to be 0.0629(3) ˚ , as in the neutron diﬀraction experiments. The number 
A
−3 
density of the densiﬁed sample was estimated as 0.0773 ˚ from the mean 
value of the number density of samples recovered from 6 GPa (measured by 
Stone et al. [298]) and 9 GPa (as recovered from the study in the next chapter 
measured at the ISIS facility), shown in ﬁgure 8.8. 
8.5.2 Results 
Table 8.6: The leading peak positions q1, q2 and q3 in the measured F (Q) func­
tions for GeO2 glass at pressure P0, together with the leading peak positions 
Or1, r2, r3 and coordination number n¯Ge from the corresponding G(r) functions. 
F (Q) G(r) 
OP0 (GPa) q1 (˚ ) q2 (˚ ) q3 (˚ ) ¯Ge r1 (˚ r2 (˚ r3 (˚A
−1 A−1 A−1 n A) A) A) 
0 1.53(2) 2.80(2) 4.63(5) 4.0(1) 1.74(2) 2.78(3) 4.40(5) 
2.2(5) 1.60(2) 2.65(2) 4.60(5) 3.9(1) 1.73(2) 2.84(3) 4.38(5) 
4.0(5) 1.71(2) 2.71(2) 4.70(5) 4.0(1) 1.73(2) 2.84(3) 4.36(5) 
4.9(5) 1.80(2) 2.73(2) 4.61(5) 4.2(1) 1.73(2) 3.00(3) 4.30(5) 
5.8(5) 1.82(2) 2.72(2) 4.62(5) 4.3(1) 1.74(2) 2.79(3) 4.33(5) 
8.0(5) 1.96(2) 2.81(2) 4.66(5) 4.5(1) 1.75(2) 2.79(3) 4.31(5) 
The total structure factors F (Q) for GeO2 glass measured by in situ neu­
tron diﬀraction using the Paris-Edinburgh cell at various pressures up to 
8.0(5) GPa are plotted in ﬁgure 8.19 and the position and height of the FSDP 
is given in ﬁgure 8.20. The F (Q) functions have excellent counting statistics 
and are suitably corrected for the background scattering even at the highest 
A
−1 
pressures. There is no evidence of the crystalline Bragg peak at 2.65(2) ˚
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Figure 8.19: Total structure factors F (Q) for GeO2 glass at (a) ambient pres­
sure, (b) 2.2(5) GPa, (c) 4.0(5) GPa, (d) 4.9(5) GPa, (e) 5.8(5) GPa and 
(f) 8.0(5) GPa. The bars represent the statistical errors and the solid red 
curves are the Fourier back transforms of the corresponding G(r) functions 
plotted in ﬁgure 8.21 after the un-physical low-r oscillations are set to the 
G(0) = −0.4352(9) barn limit. The dashed (blue) curve in (a) is the F (Q) for 
GeO2 glass measured at D4C using a conventional neutron diﬀraction set-up 
[305]. 
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Figure 8.20: (a) Position and (b) height of the First Sharp Diﬀraction Peak 
(FSDP) as a function of pressure from the F (Q) functions measured at D4C 
in study A (solid green squares) and study B (solid red circles). The open 
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Figure 8.21: Total pair distribution functions G(r) for GeO2 glass at (a) am­
bient pressure, (b) 2.2(5) GPa, (c) 4.0(5) GPa, (d) 4.9(5) GPa, (e) 5.8(5) GPa 
and (f) 8.0(5) GPa, as obtained by Fourier transforming the corresponding 
F (Q) functions plotted in ﬁgure 8.19 after making a Harwell spline ﬁt [115] to 
A
−1 
the data with Qmax = 15.45 ˚ . The dashed (red) curves indicate the extent 
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OFigure 8.22: Running coordination number n¯Ge (red curves) obtained by inte­
grating over the nearest neighbour peak of the total pair distribution function 
G(r) given in ﬁgure 8.21 (black curves) for GeO2 glass at (a) ambient pres­
sure, (b) 2.2(5) GPa, (c) 4.0(5) GPa, (d) 4.9(5) GPa, (e) 5.8(5) GPa and 
(f) 8.0(5) GPa. 
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OFigure 8.23: (a) Coordination number n¯Ge and (b) nearest neighbour peak 
position rGeO as a function of pressure for GeO2 glass as measured using D4C 
in study A (solid red circles) and study B (solid green squares). The open 
squares are the results taken from the x-ray diﬀraction study by Guthrie et al. 
[285]. 
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ambient pressure F (Q) is in good overall agreement with the F (Q) function ob­
tained for natGeO2 glass [305] in a conventional neutron diﬀraction experiment 
using D4C which indicates that pre-compression of the powder pellet had little 
eﬀect on the structure of the illuminated portion of the glass. The total pair 
distribution functions G(r) at the various pressures are plotted in ﬁgure 8.21 
and were obtained by Fourier transforming the corresponding F (Q) functions 
after making a Harwell spline ﬁt [115] to the data with Qmax = 15.45 ˚ .A
−1 
The 
ﬁrst peaks in the ambient pressure real space G(r) function at r1 = 1.74(2) A˚ 
and r2 = 2.78(3) A˚ are attributed to the nearest neighbour Ge-O and O-O cor-
Orelations, respectively [306]. The running coordination numbers n¯Ge at each 
pressure, obtained by integrating over the region of the ﬁrst peak in the corre­
sponding G(r) function, are plotted in ﬁgure 8.22. The positions of the leading 
Opeaks in the F (Q) and G(r) functions together with n¯Ge, which was taken to 
be the value of the running coordination number at the ﬁrst minimum in G(r) 
following the ﬁrst peak, are listed in table 8.6. 
Changes are observed in the position and height of the FSDP with increas-
A
−1 
ing pressure (see ﬁgure 8.20). The FSDP at 1.53(2) ˚ in the ambient pressure 
F (Q) is indicative of ordering on intermediate length scales and undergoes the 
same reduction in intensity and shift to higher Q values with pressure that 
was observed in study A. The position of the FSDP as a function of pressure 
is also consistent with the x-ray diﬀraction measurements of Guthrie et al. 
A
−1 
[285]. A notable increase in intensity of the principle peak at ≈ 2.8 ˚ is 
observed with increasing pressure, which was not as apparent in study A due 
to the crystalline Bragg peak that was present in this region. An increase 
is also observed in the height of the third peak with increasing pressure. As 
shown in ﬁgure 8.23, at pressures up to ≈ 5 GPa the coordination number n¯O Ge 
remains at four. With a further increase of pressure, the coordination number 
Oincreases to n¯Ge = 4.5(1) at 8.0(5) GPa. The nearest neighbour Ge-O peak 
position rGeO in G(r) experiences a small increase from 1.74(2) A˚ at ambient 
pressure to 1.75(2) A˚ at 8.0(5) GPa. This increase is consistent with the results 
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Figure 8.24: The total x-ray structure factors SX (Q) for (a) uncompressed 
GeO2 glass and (b) the GeO2 glass recovered from the 8.0(5) GPa neutron 
diﬀraction experiment. The solid (black) circles are the data points and the 
solid (red) curves are the Fourier backtransforms of the corresponding GX (r) 
functions in ﬁgure 8.25 after the un-physical low-r oscillations have been set to 
the theoretical GX (0) = 0 limit. The dashed (blue) curve in (a) is the SX (Q) 
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Figure 8.25: The total x-ray pair distribution functions GX (r) for (a) uncom­
pressed GeO2 glass and (b) the GeO2 glass recovered from the 8.0(5) GPa 
neutron diﬀraction experiment, obtained by Fourier transforming the corre­
sponding SX (Q) functions given in ﬁgure 8.24 after making a Harwell spline 
ﬁt [115] to the data and applying a cosine window function between 21 and 
A
−1 
23 ˚ . The dotted (red) curves indicate the extent of the un-physical low-r 
oscillations. The chained (blue) curve in (a) represents the GX (r) function 
obtained by Fourier transforming the SX (Q) function of Sampath et al. [286] 
A
−1 
after truncating at a maximum scattering vector Qmax = 23 ˚ . 
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Table 8.7: The leading peak positions q1, q2 and q3 in the measured SX (Q) 
functions plotted in ﬁgure 8.24 for uncompressed GeO2 glass and the densiﬁed 
glass recovered from a pressure P0 = 8.0(5) GPa from the neutron diﬀraction 
experiment. The leading real space peak positions r1, r2 and r3 from the 
corresponding GX (r) functions plotted in ﬁgure 8.25 and the coordination 








































a This study (ID11); b Sampath et al. [286] 
The total x-ray structure factors SX (Q) for the uncompressed GeO2 glass 
and the densiﬁed glass recovered from the 8.0(5) GPa neutron diﬀraction ex­
periment are shown in ﬁgure 8.24. The total x-ray pair distribution functions 
GX (r) are plotted in ﬁgure 8.25 and were obtained by Fourier transforming 
the corresponding SX (Q) functions after making a Harwell spline ﬁt [115] to 
A
−1 
the data and applying a cosine window function between 21 and 23 ˚ . As 
for the neutron diﬀraction results, the ﬁrst peak in the G(r) function of the 
uncompressed sample at r1 = 1.73(2) A˚ is attributed to the nearest neighbour 
Ge-O correlations. The second peak at r2 = 3.17(3) A˚ is, however, at a greater 
distance than r2 = A which was found using neutron diﬀraction and 2.78(3) ˚
attributed to the nearest neighbour O-O correlations. This is because oxygen 
is much less strongly probed using x-rays and the peak is instead attributed 
to the nearest neighbour Ge-Ge correlations which have a reported distance of 
rGeGe = 3.16(1) A˚ [306]. The positions of the leading peaks in reciprocal and 
Oreal space are listed in table 8.7 together with the coordination number n¯Ge. 
The measured SX (Q) for the uncompressed glass is in reasonable overall 
agreement with the SX (Q) previously measured by Sampath et al. [286] (see 
A
−1 
ﬁgure 8.24 (a)) with the exception of the slightly sharper FSDP at 1.54(2) ˚
A
−1 
in the latter study. The position of the FSDP is shifted to 1.77(2) ˚ in the 
SX (Q) for the sample recovered from 8.0(5) GPa and the peak experiences a 
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A
−1 
reduction in height. The principal peak has also shifted from 2.63(2) ˚ for 
A
−1 
the uncompressed sample to 2.68(2) ˚ for the recovered sample, accompa­
nied by a large reduction in the peak height. A small increase in the height of 
the third reciprocal space peak is also observed for the recovered sample. The 
changes observed for all three reciprocal space peaks are consistent with pre­
vious x-ray and neutron diﬀraction measurements of pre-densiﬁed GeO2 glass 
A
−1 
[286, 298]. Stone et al. [298] report the FSDP position at 1.796(2) ˚ for a 
sample recovered from 6 GPa. 
OThe coordination number n¯Ge experiences an increase from 4.1(2) for the 
uncompressed sample to 4.4(2) for the sample recovered from 8.0 GPa, which 
would indicate a similar local structure as in the in situ measurement at 
8.0 GPa where n¯O = 4.5(1). However, this is in disagreement with the value Ge

O
of n¯Ge = 4 previously reported for GeO2 glass recovered from 6 GPa [298] 
and 10 GPa [286] which suggest that any higher coordinated structural units 
present in situ at high pressure revert back to tetrahedral units on decompres­
sion. The discrepancy in n¯O could be due to the ﬁnite maximum scattering Ge 
vector Qmax = A
−1 
23 ˚ which leads to a broadening of the nearest neighbour 
peak in real space after Fourier transformation and un-physical ‘truncation 
ripples’ in this region [4]. For example, Sampath et al. [286] measured the 
A
−1 
SX (Q) for uncompressed GeO2 glass to a maximum Qmax = 32.8 ˚ . Fourier 
transforming their SX (Q) using this extended Qmax value gives a coordination 
Onumber n¯Ge = 4.0(2). However, Fourier transforming the same SX (Q) function 
A
−1 
after truncating at Qmax = 23 ˚ , as shown in ﬁgures 8.24 (a) and 8.25 (a), 
Oleads to a coordination number n¯Ge = 4.3(2) (see table 8.7). It is noted, how­
ever, that the ID11 diﬀraction experiments of the present work were performed 
on the recovered sample only ≈ 2 hr following decompression. The measured 
Ocoordination number n¯Ge = 4.4(2) for GeO2 glass recovered from 8.0 GPa may 
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8.5.3 Discussion 
The measured diﬀraction patterns for GeO2 glass are of excellent quality and 
are a signiﬁcant improvement on both the diﬀraction patterns taken for study 
A and on the previous in situ neutron diﬀraction work by Guthrie et al. [285] 
in which the ﬁnal data sets are limited to a maximum pressure of 5 GPa and 
have large statistical uncertainties, as shown in ﬁgure 8.26. The results are 
consistent with the x-ray diﬀraction results of Guthrie et al. [285] in that 
Othe coordination number n¯Ge, which is plotted as a function of pressure in 
ﬁgure 8.23, remains constant until ≈ 5 GPa after which it increases, eventually 
reaching a value of ≈ 4.9 in the vicinity of 9 GPa [285]. 
Figure 8.26: The neutron total structure factors SN (Q) as published by 
Guthrie et al. [285] at 0, 3 and 5 GPa. The authors applied a ﬁlter to exclude 
sharp features more than 3 standard deviations above neighboring data points. 
The authors also found a weak crystalline contamination, indicated by , which •
was attributed to 2-3 % of the α-phase of GeO2. 
223 
CHAPTER 8. STRUCTURE OF GeO2 GLASS AT HIGH PRESSURE I 
The changes in the height and position of the FSDP in the measured F (Q) 
functions with increasing pressure, shown in ﬁgure 8.20, suggest a substan­
tial change in the way the structural motifs are connected with increasing 
pressure. The FSDP arises from the packing of the structural units on an in­
termediate range which has a periodicity given by 2π/q1. Hence, the observed 
reduction in intensity and increase in position of the FSDP with increasing 
pressure suggests a denser packing of the structural units accompanied by a 
reduction in the periodicity associated with the intermediate range ordering. 
The observed changes in the FSDP with initial application of pressure can 
therefore be understood in terms of a reduction in size and eventual collapse 
of the cage-like structures that enclose open regions of the network of corner 
shared GeO4 structural units [285, 286]. The increase in coordination number 
On¯Ge from 4.0(2) to 4.9(2) with increasing pressure in the region between 5 GPa 
and 9 GPa shows that, following the collapse of the open network regions, a 
change in the nature of the basic structural motifs occurs as oxygen atoms are 
forced into close proximity to the GeO4 tetrahedra. This results in the forma­
tion of structural units with higher coordination numbers. However, since the 
G(r) functions only provide average values for the coordination number, it is 
not possible to tell whether the observed rise in coordination number results 
from the formation of GeO5 pentahedra, GeO6 octahedra or a mixture of the 
two. The formation of GeO5 polyhedra is likely as they are known to exist 
in germanate glasses [307, 308, 311] and crystalline K2Ge8O17 [309]. Further 
investigations using e.g. molecular dynamics simulations will help to resolve 
this issue. 
The x-ray diﬀraction results of Guthrie et al. [285] suggest a further in­
crease in the Ge-O coordination number, leading to the formation of GeO6 
octahedra at 15 GPa. A detailed examination of the structural transforma­
tions that take place in GeO2 glass will be given in the next chapter, where 
the results of in situ high pressure diﬀraction experiments up to 14 GPa using 





The results from studies A and B prove that high quality in situ high pressure 
neutron diﬀraction patterns can be measured using the Paris-Edinburgh press 
on the D4C diﬀractometer. An analysis procedure was developed to account 
for the gasket and background scattering at each pressure point and improved 
neutron shielding has led to the extraction of neutron diﬀraction total structure 
factors F (Q) at pressures up to 8 GPa that are of superior quality to previous 
diﬀraction measurements [285]. Additional improvements could be made to 
further reduce the contribution to the background scattering from the anvils 
by focussing a narrower neutron beam onto the sample position and allowing 
the entire press assembly to move vertically in order to maintain the sample 
position at the center of the incident neutron beam. The diﬀraction patterns 
measured for GeO2 glass are of suitable calibre to enable future application 
of the method of isotopic substitution in neutron diﬀraction to measure the 
partial structure factors of liquid and glassy materials under high pressure. 
In order to fully investigate the pressure induced structural transformations 
in GeO2 glass that are expected to take place, measurements need to be taken 
at higher pressures than are attainable using single toroid cubic boron nitride 
anvils. Instead, sintered diamond and double toroid anvils can be employed, 
which have a greater pressure response with respect to the applied load. The 
use of sintered diamond anvils on the D4C instrument will be the subject of 
future studies. However, the results of high pressure experiments up to 14 GPa 
on GeO2 glass using sintered diamond single and double toroid anvils on the 





9. Structure of GeO2 glass at 
high pressure II 
9.1 Introduction 
In chapter 8, the structure of GeO2 glass was studied at high pressure using a 
reactor source diﬀractometer and showed distinct changes in the structure on 
an intermediate length scale and an increase in the local coordination number 
On¯Ge from 4 at ambient pressure to 4.9(1) at 8.6(5) GPa. A further structural 
transformation in GeO2 to a 6-fold coordinated octahedral glass has been ob­
served at 15 GPa using in situ diamond anvil cell x-ray diﬀraction measure­
ments [285]. The objective of this investigation is to obtain neutron diﬀraction 
measurements of GeO2 glass at a similar pressure. The experiments in chapter 
8 were limited to a maximum pressure of 8.6(5) GPa by the performance of the 
cubic boron nitride single toroid anvils. Higher pressures are attainable using 
sintered diamond anvils and by using the double toroid anvil proﬁle, as are 
typically employed on the PEARL instrument at the ISIS facility, UK, which is 
described in § 3.2.5. However, the PEARL instrument is optimised for crystal­
lography, has limited accessibility to low scattering angles and high pressure 
experiments typically exhibit large contributions from the background and 
anvil scattering. This chapter presents the results obtained from signiﬁcant 
improvements in the shielding, collimation and experimental methods used on 
PEARL to obtain, for the ﬁrst time, high quality and correctly normalised in 
situ neutron total structure factors for an amorphous material. 
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9.2 Theory 
As derived in § 2.2, the coherent scattered intensity measured in a neutron 
diﬀraction experiment on a multicomponent glass system is represented by the 
total structure factor F (Q) deﬁned as 
n n
F (Q) = 
�� 
cαcβ bαbβ[Sαβ (Q) − 1], (9.1) 
α=1 β=1 
where n is the total number of atomic species denoted by α or β, cα and bα 
represent the atomic fraction and coherent neutron scattering length of atomic 
species α, respectively, Sαβ (Q) is a Faber-Ziman partial structure factor and 
Q is the scattering vector. The coherent neutron scattering lengths for GeO2 
glass are bGe = 8.185(20) fm and bO = 5.803(4) fm [30]. The total structure 
factor can therefore be written as 
F (Q) = A[SGeGe(Q) − 1] + B[SOO(Q) − 1] + C[SGeO(Q) − 1], (9.2) 
where A = c2Geb
2




O = 0.1497(5) barn and 
C = 2cGecObGebO = 0.2111(5) barn. The corresponding real space infor­
mation is given by the total pair distribution function G(r) which is obtained 
by the Fourier transform 
1 
� ∞





cαcβ bαbβ[gαβ(r) − 1] 
α=1 β=1 
= A[gGeGe(r) − 1] + B[gOO(r) − 1] + C[gGeO(r) − 1], (9.3) 
where n0 denotes the atomic number density, gαβ(r) is a partial pair distribu­
tion function and r is a distance in real space. As deﬁned in equation 2.12, the 
Ocoordination number n¯Ge is determined by integrating over the nearest neigh­













cαcβbαbβ . (9.4) 
For GeO2 glass G(0) = −0.4352(9) barn. 
In x-ray diﬀraction experiments the scattering lengths are Q dependent 
such that the partial structure factors have Q dependent weighting factors 
and the total x-ray structure factor is given by 





cαfα(Q)cβ fβ (Q) [Sαβ(Q) − 1] , (9.5) 
where fGe(Q) and fO(Q) are the atomic form factors for Ge and O, respec­
tively, and are tabulated in Ref. [201]. It is therefore convenient to deﬁne the 
normalised total neutron structure factor SN (Q) for GeO2 glass as 
F (Q) + �b�2 
SN (Q) = , (9.6) �b�2 
where the average scattering length �b� = cGebGe + cObO. Similarly, the nor­
malised total x-ray structure factor SX (Q) for GeO2 glass is deﬁned by 
FX (Q) + �f(Q)�2 
SX (Q) = , (9.7) �f(Q)�2 
where the average form factor �f(Q)� = cGefGe(Q) + cOfO(Q). 
9.3 Experimental procedure 
9.3.1 Sample preparation 
The GeO2 glass was prepared by heating ≈ 5 g of powdered Germanium 
(IV) Oxide (Alfa Aesar, 99.9999%) contained in a platinum crucible, with 
a 10 % rhodium reinforced rim, in air at 1600 ◦C. After ≈ 20 min the crucible 
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was removed from the furnace, placed onto a nitrogen cooled brass block and 
liquid nitrogen was poured over the melt. The crucible was warmed to room 
temperature using a heat gun to avoid condensation of atmospheric H2O on 
the hygroscopic GeO2 glass. The clear glass was removed from the crucible in 
one piece and stored in a desiccator containing silica gel (BDH, granules). 
Table 9.1: Properties of the pellets prepared for high pressure neutron diﬀrac­
tion measurements on the PEARL instrument using single toroid (ST) or dou­
ble toroid (DT) sintered diamond anvils. The GeO2 pellets were either formed 
from compressed powders or solid pieces ground to shape. The vanadium 
(V) pellets were either formed from compressed powders or foils. The powder 
and foil pellets were pre-compressed in dies of suitable geometry at the listed 
applied load in a powder press. 
Pellet Sample Type Geometry Load (tonne) Mass (g)

1 GeO2 powder ST 8 0.22(1) 
2 GeO2 solid ST – 0.24(1) 
3 GeO2 solid DT – 0.12269(5) 
4 GeO2 solid DT – 0.12146(5) 
A V powder ST 1 0.390(1) 
B V powder ST 1 0.390(1) 
C V powder ST 1 0.390(1) 
D V foil DT 0.75 0.2053(5) 
E V foil DT 0.75 0.2061(5) 
Several pellets of GeO2 glass and vanadium, matching the geometry of the 
single toroid or double toroid anvils, were formed as listed in table 9.1. The 
pre-compressed GeO2 pellet 1 and vanadium pellets A, B and C, made for the 
single toroid anvil experiments, were formed using powdered GeO2 glass and 
V powder following the method outlined in § 8.5.1 using a SPECAC powder 
press at the ISIS facility. The GeO2 powder pellet 1 was extremely fragile 
and, after removing from the powder press, the middle section disintegrated. 
Additional ﬁne powder was therefore added to bulk out the sample for the 
diﬀraction experiment. For the double toroid anvil experiments, the vanadium 
pellets D and E were formed from pieces of V foil which were tightly rolled 
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The solid GeO2 glass pellets 2, 3 and 4, matching the geometry of the single 
or double toroid anvils, were formed by grinding a large solid piece of glass into 
a cylinder of either 6 mm or 4 mm diameter, as appropriate, using a dremmel 
with a rotary grinding stone attachment. To form the required pellet proﬁle, 
the ends of the cylindrical pieces of GeO2 glass were polished, using diamond 
paste, against faulty anvils of the correct geometry rotating on a polishing 
wheel. The precise pellet mass required for the anvil geometries was calculated 
from the sample density and the combined volume of the two spherical caps and 
the cylindrical middle sections of the pellets. This is illustrated in ﬁgure 9.1, 









where a denotes the radius of the cylinder cross-section and cap base, b denotes 
the height of the cap and h denotes the height of the cylinder. The precise sam­
ple volume for the single toroid anvil was therefore determined as 91.1847 mm3 
using a = 3.0 mm, b = 1.5 mm and h = 1.6 mm. Similarly, the precise sam­
ple volume for the double toroid anvil was determined as 33.7198 mm3 using 
a = 2.0 mm, b = 1.0 mm and h = 1.6 mm. These values were conﬁrmed by 
making three-dimensional Solidworks models of the pellets. Taking the den­
sity of GeO2 glass as 3.643 g cm
−3 [306] and vanadium as 6.110g cm−3, the 
ideal mass of the GeO2 glass pellets was calculated as 0.33218 g for use in the 
single toroid anvils and 0.12284 g for use in the double toroid anvils. The ideal 
mass of the vanadium pellets was calculated as 0.55714 g for use in the single 
toroid anvils and 0.20603 g for use in the double toroid anvils. The mass of 
the pellets for the double toroid anvil experiments were matched, within 2 %, 





9.3.2 The single toroid anvil neutron diﬀraction exper­
iments 
Figure 9.2: Single toroid anvil cross-section in the PEARL transverse geometry. 
The incident and scattered neutron beam directions are indicated by the blue 
arrows. 
In situ high pressure neutron diﬀraction experiments were conducted on 
GeO2 glass using a V4 variant Paris-Edinburgh press mounted in transverse 
geometry on the PEARL instrument at the ISIS facility, UK, with Los Alamos 
type single toroid sintered diamond anvils. In this set-up the incident neutrons 
are directed through one of the anvils along the compression axis of the cell 
and the sample is encapsulated by a null scattering Ti-Zr gasket assembly, 
as shown in ﬁgure 9.2. A semi-automated hydraulic pump system was used 
to apply force to the compression anvil and compress the sample and gasket 
assembly. In order to ensure the anvils were centered at the same position in 
the incident beam at each pressure, a remotely controlled motorised system 
was used to move the press assembly and centre the anvils on ﬁxed cross hairs, 
as monitored by a live feed from a video camera (see ﬁgure 9.3). 
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(a) Ambient pressure 
(b) 9.0(5) GPa 
Figure 9.3: In situ images of the pressure cell set up at (a) ambient pressure 




Figure 9.4: V3 variant Paris-Edinburgh cell with Los Alamos type single toroid 
anvils [45]. A V4 variant cell was used in the single toroid anvil experiment, 
however the geometry of the cell assemblies are identical. The boron nitride 
collimator is marked by the green regions, the Gd collimation and shielding is 
marked by the blue regions, and the cadmium shielding is marked by the red 
regions. 
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Figure 9.5: Cross sections for Gd and Cd, of naturally occurring isotopic 
abundance, as a function of the energy of incident neutrons at the PEARL 
instrument (ISIS). Values were obtained from the Nuclear Data Evaluation 
Lab [312] using the Evaluated Nuclear Data File (ENDF) [313]. The solid 
and dashed red curves are the absorption and total cross sections for Cd, 
respectively. The solid and dashed black curves are the absorption and total 
cross sections for Gd, respectively. 
A signiﬁcant contribution to the background intensity arises from Bragg 
scattering from the sintered diamond anvils. These diamond Bragg features 
are pressure dependent and it is therefore diﬃcult to accurately extract the 
diﬀuse scattering of an amorphous sample. Improved shielding and incident 
neutron beam collimation, as detailed below and illustrated in ﬁgure 9.4, were 
incorporated into the press assembly in order to signiﬁcantly reduce the back­
ground scattering contributions. The cross sections for Gadolinium (Gd) and 
Cadmium (Cd), in their naturally occurring isotopic abundance, are plotted 





the energy range of incident neutrons used at the PEARL instrument. The 
absorption cross section is, however, much higher for Gd at low neutron en­
ergies and higher for Cd at high neutron energies. A combination of foils of 
both elements was therefore used as shielding material. The incident neutron 
beam was collimated by a 3.5 mm diameter aperture through a cylindrical 
block of sintered hexagonal boron nitride. A Gd tube of 3.5 mm outer diam­
eter and 3.44 mm inner diameter was used to further collimate the incident 
neutrons near the sample position. In order to reduce the neutron scattering 
paths directly from the diamond anvils to the detectors, 0.03 mm Gd foils were 
incorporated between the Ti-Zr gasket assembly and anvils and 0.25 mm Cd 
foils were attached to the anvil binding rings. The neutrons diﬀracted by the 
sample exit the cell through the Ti-Zr gasket and impinge on detector banks 
set at 90◦ to the incident beam. To further reduce the contribution from anvil 
scattering, an eﬀective scattered beam collimation was achieved by summing 
only those detector pixels encompassing a narrow 2θ range of 90 ± 3.5 ◦. The 
resulting Q-range is hence limited to 1.55 ≤ Q(A˚−1 ) ≤ 19.6. A comparison 
between measurements of a Ti-Zr gasket in the pressure cell with and without 
the Gd collimation and shielding is shown in ﬁgure 9.6 and clearly illustrates 
the eﬀectiveness of the Gd in reducing the intensity of the diamond Bragg 
peaks and other more broad background features. 
Diﬀraction patterns were taken for the GeO2 glass pellets 1 and 2 at ambi­
ent pressure and three loads up to 125 tonnes, as listed in table 9.2. Additional 
measurements were made for an empty Ti-Zr gasket at ambient pressure and 
the vanadium pellets A, B and C at various applied loads for data correction 
and normalisation purposes, as described in § 9.4. The intensities for each de­
tector group were saved at regular intervals (every 170 µAhr) and no deviation 
between each scan was observed outside the statistical variation, verifying the 
diﬀractometer stability [197]. In order to attain acceptable counting statistics, 
considering the small size of the sample in the neutron beam, a total run time 
equivalent to ≈ 2700 µAhr per sample was made, which at an average ISIS 
beam current of 170 µA equates to ≈ 16 hours of neutron counting time for 
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Figure 9.6: A comparison between the scattered intensity from a Ti-Zr gasket 
in the Paris-Edinburgh press with and without the Gd collimation and shield­
ing (see the text) together with the background measurement for the empty 
instrument. 
the sample at each pressure. 
The measured diﬀraction patterns were focussed i.e. the raw time of ﬂight 
data sets for each run were ﬁrst normalised to the incident neutron ﬂux and 
corrected for the relative eﬃciency of each detector pixel. This was obtained 
from the diﬀraction pattern measured for a vanadium sphere, normalised to the 
incident ﬂux, which should be a constant with respect to 2θ for each incident 
neutron energy provided each detector pixel is at the same distance from the 
sphere and subtends the same solid angle. The data sets were then summed to 
give a single diﬀraction pattern as a function of Q. The total structure factor 
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Figure 9.7: The pressure at each experimental load using the single toroid 
sintered diamond anvils as obtained by making a Rietveld reﬁnement to the 
diamond anvil Bragg peaks and calibrated to the known equation of state for 
crystalline ice VII [314]. The reﬁned data points correspond to GeO2 pellet 1 
(open black circles), vanadium pellet A (solid red squares), vanadium pellet 
B (solid red triangles), vanadium pellet without Gd collimation from Wilding 
[315] (open blue diamonds), vanadium pellet with Gd collimation from Wilding 
[315] (open blue squares) and SiO2 glass from Wilding [315] (blue star). The 
GeO2 pellet 2 (solid black circle) and vanadium pellet C (solid red diamond) 
data points were obtained after making a linear ﬁt to the reﬁned data points as 
shown by the solid black line for GeO2 and the dashed red line for vanadium. 
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F (Q) for the GeO2 glass at each pressure was then obtained using the data 
correction and normalisation procedures detailed in § 9.4. 
The pressure P0 on the GeO2 and vanadium pellets at each applied load 
L is plotted in ﬁgure 9.7. The calibration curves were calculated by making a 
Rietveld reﬁnement to the diamond anvil Bragg peaks in the focussed data sets 
which gave the diamond unit cell volume [314]. This was compared with the 
volume of crystalline ice VII compressed in the same type of single toroid anvil 
cell and, since ice VII has a known equation of state [316], the diamond unit 
cell volume was determined as a function of pressure. A linear ﬁt was made 
to the GeO2 and vanadium data in ﬁgure 9.7 to obtain the pressure on GeO2 
pellet 2 and vanadium pellet C measured at the highest applied loads. As in 
the preceding chapter, the number density of the GeO2 glass at each pressure 
was determined from the experimental data taken by Hong et al. [287] and is 
listed in table 9.2. 
Table 9.2: Applied load L and pressure P0 on the GeO2 glass pellets 1, 2 or 4 
using sintered diamond anvils with single toroid (ST) or double toroid (DT) 




L (tonne) P0 (GPa) geometry pellet n0 (˚ ) 
0 Ambient ST 1 0.0629(3) 
50 5.0(5) ST 1 0.0774(9) 
100 9.0(5) ST 1 0.0876(9) 
125 11.5(5) ST 2 0.0946(9) 
120 14(1) DT 4 0.0988(9) 
9.3.3	 The double toroid anvil neutron diﬀraction exper­
iment 
In situ neutron diﬀraction experiments were conducted on GeO2 glass using 
a V3 variant Paris-Edinburgh press mounted in transverse geometry on the 





Figure 9.8: Double toroid anvil cross-section in the PEARL transverse geom­
etry. The incident and scattered neutron beam directions are indicated by the 
blue arrows. 
mond anvils. The GeO2 glass sample was encapsulated in the cell by a null 
scattering Ti-Zr gasket assembly, as shown in ﬁgure 9.8. Diﬀraction patterns 
were taken for GeO2 pellet 3 and vanadium pellet D at loads of 115 tonne and 
120 tonne, respectively, with the same collimation and shielding used in the 
single toroid anvil experiments shown in ﬁgure 9.4. Further diﬀraction pat­
terns were taken for GeO2 pellet 4 and vanadium pellet E at loads of 120 tonne 
and 85 tonne, respectively, with the Gd foils removed from between the anvil 
and gasket assembly in order to increase the scattered signal from the sam­
ple. Additional diﬀraction patterns were taken for an empty Ti-Zr gasket at 
ambient pressure. 
The pressure calibration plot for the double toroid sintered diamond anvils 
is given in ﬁgure 9.9 and was obtained from previous measurements by the 
Edinburgh High Pressure research group [317]. From these measurements, 
the sample pressure at the applied load of 120 tonne was estimated to be 
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Figure 9.9: Pressure versus load calibration plot for the double toroid De 
Beers sintered diamond anvils [317]. The ﬁve separate curves indicate diﬀerent 
loadings of ice. The estimated pressure of 14(1) GPa for the 120 tonne applied 
load is indicated by the star and was chosen to approximately correspond to 
the average of the calibration points. 
14(1) GPa. A total of ≈ 3300 µAhr was collected on the sample at 14(1) GPa, 
equating to ≈ 20 hours of neutron counting time, owing to the very small size 
of the sample. As in the single toroid anvil experiments, the data sets were 
checked for detector stability and focussed. The total structure factor F (Q) 
for the GeO2 glass at 14(1) GPa was then extracted using the data correction 
and normalisation procedures detailed in § 9.4. The number density of the 
GeO2 glass at 14(1) GPa is listed in table 9.2. 
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9.4 Data analysis procedure

Figure 9.10: Deﬁning the PEARL geometry. The neutron beam with radius 
RB and intensity I0 is incident along the z-axis. The neutrons scatter from the 
sample of radius RS through the Ti-Zr gasket of radius RC into the detector 
along the x-axis at 90◦ to the incident beam. 
In a neutron diﬀraction experiment using a Paris-Edinburgh press in trans­
verse geometry, neutrons are incident through the compression axis of the anvil 
and scatter from the sample through the null scattering Ti-Zr gasket. This de­
ﬁnes a cylindrical sample geometry for the scattered beam with a height given 
by the separation of the anvils (see ﬁgure 9.10). On PEARL the data sets are 
collected in a small angular range at 2θ � 90◦. The Q-dependence of the scat­
tered intensity is thus obtained by varying the incident wavelength λ where 
Q = (4π/λ) sin(θ). For the sample, the diﬀerential scattering cross section per 





I � (Q) 
�
(Q) = SC − MSC (Q) , (9.10)
dΩ S NS AS,SC (Q) a(Q) 
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where I � (θ) denotes the measured scattered intensity from the sample in SC 
a Ti-Zr gasket corrected for background (e.g. anvil) scattering, a(Q) is the 
calibration factor, NS denotes the number of sample nuclei in the incident 
neutron beam, MSC (Q) denotes the multiple scattering cross-section for the 
sample in the Ti-Zr gasket, and AS,SC (Q) denotes the attenuation coeﬃcient 
for the incident neutron beam scattered by the sample and attenuated by the 
sample and gasket. For the PEARL geometry AS,SC (Q) is given by [318] 
4 1 (1 − e−µS h) � π/2 
AS,SC (Q) = dθ sin(θ) [χ] , (9.11)




χ = e−(µS −µC )(R
2 cos2θ)1/2 C −R2 cos2θ)1/2 S −R2 e−µC (R
2 
B B sinh(µSRB sin θ), (9.12) 
µS and µC are the attenuation coeﬃcients of the sample and the Ti-Zr gasket, 
respectively, RB is the radius of the incident neutron beam, RS is the radius 
of the sample and RC is the radius of the gasket (see ﬁgure 9.10). 
Similarly, the diﬀerential scattering cross section per atom for a vanadium 












NV AV,V C (Q) a(Q) 
− MV C (Q) , (9.13) 
where the subscript V denotes vanadium. The calibration factor a(Q) can be 
deﬁned in terms of the vanadium diﬀerential scattering cross section according 
to 
1 
a(Q) = � (Q). (9.14)V C �NV AV,V C (Q) � dσ (Q)� + MV C (Q)�IdΩ V 
Since the coherent scattering from vanadium is negligible, the diﬀerential scat­
tering cross section for vanadium depends only upon the incoherent scattering 
length binc,V. Equation 9.14 can therefore be re-written as 
1 
V C a(Q) = �NV AV,V C (Q)b2 (1 + PV (Q)) + MV C (Q)�I � (Q), (9.15) inc,V 
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where PV (Q) is the Placzek [31] (inelasticity) correction for vanadium. By 










inc,α)(1 + Pα(Q))coh,α + b
2 
dΩ S α 
I � (Q) 
�
NV AV,V C (Q)b
2 [1 + PV (Q)] + MV C (Q)
� − MSC (Q)SC inc,V = 
I � (Q) NS AS,SC (Q)V C 
(9.16) 
where cα denotes the atomic fraction, bcoh,α and binc,α are the coherent and in­
coherent neutron scattering lengths, respectively, and Pα(Q) is the Placzek [31] 
(inelasticity) correction, for each chemical species α in the system. 
The attenuation coeﬃcients Ai,j (Q) for the sample and vanadium are plot­
ted in ﬁgure 9.11 and were calculated using equation 9.11 for the transverse ge­
ometry used on PEARL [318] for the sample and gasket assembly in the single 
toroid anvil geometry at ambient pressure for a ﬁxed scattering angle 2θ = 90◦ 
and the PEARL incident neutron wavelength range of 0.45 ≤ λn(A˚) ≤ 5.73. 
The PLATOM routine in the ATLAS suite of programs [319] was used to cal­
culate the inelasticity correction for the sample and vanadium for the same 
scattering angle and incident neutron wavelength range, the results of which 
are also plotted in ﬁgure 9.11. The attenuation coeﬃcients Ai,j (Q) exhibit a 
relatively large dependency on Q. However, as shown in ﬁgure 9.11, the coef­
ﬁcient [AV,V C (Q)/AS,SC (Q)]b
2 [1 + PV(Q)] used in equation 9.16 exhibits a inc,V
signiﬁcantly smaller Q dependency. 
The sample geometry and background intensity is not explicitly known 
as a function of pressure. The background scattering at each pressure was 
therefore estimated from the measured scattered intensity IC
E (Q) for an empty 
Ti-Zr gasket at ambient pressure such that 
I � = IE C (Q), (9.17)SC (Q) SC (Q) − mIE 
I � (Q) = IE (Q) − nIE (Q), (9.18)V C V C C 
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Figure 9.11: The attenuation coeﬃcients AS,SC (Q) (black) and AV,V C (Q) (red), 
the Placzek [31] corrections cα(b
2 + b2 )[1 + Pα(Q)] for
�
α coh,α inc,α
GeO2 (green) and binc
2 
,V [1 + PV(Q)] for vanadium (blue), and the coeﬃ­
cient [AV,V C (Q)/AS,SC (Q)] b
2 [1 + PV(Q)] (magenta). The attenuation inc,α
coeﬃcients were calculated using equation 9.11 for the transverse geometry 
used on PEARL for the sample and vanadium encapsulated in a Ti-Zr gasket 
in the single toroid anvil geometry at ambient pressure for a scattering angle 
2θ = 90◦ and an incident neutron wavelength range of 0.45 ≤ λn A) ≤ 5.73.(˚
The Placzek [31] corrections were calculated using the PLATOM routine [319]. 
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where m and n are scaling factors chosen to ensure that the diamond Bragg 
peak contributions to the intensities IE (Q) and IE (Q) are either eliminated SC V C 
or minimised. When using a Paris-Edinburgh press it is important to match 
the geometry of the sample and vanadium in the Ti-Zr gasket at each pres­
sure point so that the correct calibration factor a(Q) can be found from the 
vanadium measurement. In practice, the load applied to the vanadium was 
therefore varied until the ratio 
I � (Q) IE (Q) − mIE (Q)SC SC C 
I (Q)
= 
IE (Q) − nIE (Q) (9.19) V C � V C C 
had a minimal slope at large Q values. This is illustrated in ﬁgure 9.12 where 
the data set for glassy GeO2 at 9.0(5) GPa is normalised using (a) the vanadium 
data at 1.5(5) GPa and (b) the vanadium data at 11.5(5) GPa. The data sets 
were then analysed using equation 9.16 which can be re-written as �
IE (Q) − mIE (Q)�
F (Q) = W (Q) SC C − Z(Q), (9.20)
IE (Q) − nIE(Q)V C C 
where 
NV AV,V C (Q)b
2 (1 + PV (Q)) + MV C (Q)
W (Q) = 
inc,V 
(9.21)









inc,α)(1 + Pα(Q)). 
MSC (Q) � 
coh,α + b
2 (9.22) 
In view of the empirical approach used to ﬁnd the calibration factor a(Q), as a 
ﬁrst approximation the factors W (Q) and Z(Q) in equation 9.20 were assumed 
to be Q-independent. The constant Z in equation 9.20 therefore displaces the 
data to ensure F (Q) oscillates about zero at high Q values and the constant 
W is an overall scaling factor to ensure correct data normalisation, i.e. the 
low-r features in G(r) should oscillate about the theoretical G(0) limit and the 
Fourier backtransform of G(r), after the low-r features are set to the theoretical 
G(0) limit, should be in good overall agreement with the original F (Q). 
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Figure 9.12: The data set for glassy GeO2 at 9.0(5) GPa normalised according 
to equation 9.19 using (a) the vanadium data at 1.5(5) GPa where m = 0.3 
and n = 0.7, and (b) the vanadium data at 11.5(5) GPa where m = 0.3 and 
n = 0.2. Despite adjusting the values of m and n it did not prove possible 
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As mentioned above, a procedure was adopted in the diﬀraction experi­
ments whereby the vanadium pellet was pressurised until the normalised data 
set for the sample given by equation 9.19 oscillated about a constant level at 
high Q values. At ambient pressure and temperature, the bulk modulus for 
vanadium B(V) = 157.12 GPa [320] and for GeO2 glass B(GeO2) = 23.81 GPa 
[295]. Hence vanadium is less compressible than GeO2 glass. So a greater load 
is required on the vanadium by comparison with the sample in order to re­
produce the same scattering geometry, assuming that the GeO2 and vanadium 
pellets have the same starting volume. This was observed in the single toroid 
anvil measurements in which a greater load was required on the vanadium 
pellet in order to give normalised sample data sets with no slope. However, 
the opposite eﬀect was observed in the double toroid anvil measurement where 
the load required on the vanadium to eliminate the slope on the normalised 
sample data sets was signiﬁcantly smaller than the load on the sample. The 
reason for this is at present unsure. 
The measured diﬀraction intensities for the empty Ti-Zr gasket, GeO2 glass 
and vanadium pellets at the various pressures using the single toroid anvils are 
plotted in ﬁgures 9.13 to 9.16 together with the background corrected intensi-
IE IEties I � (Q) = SC (Q) − mICE (Q) and IV C � (Q) = V C (Q) − nICE(Q) and the SC 
preliminary normalised data sets 
�
IE (Q) − mIE (Q)� / �IE (Q) − nIE (Q)�,SC C V C C 
where, as noted above, the scaling factors m and n were chosen to eliminate or 
minimise the contribution to the diﬀraction patterns from the diamond anvil 
Bragg peaks. 
The raw data sets obtained from the high pressure experiments using double 
toroid anvils with and without the Gd foils in place are plotted in ﬁgures 9.17 
(a) and (c), respectively. Very little structure is present above the background 
scattering in the diﬀraction pattern taken for GeO2 glass with the Gd foil in 
place and there is a large residual slope on the data when normalised using 
the scattering from a vanadium pellet measured in the same set up (see ﬁgure 
9.17 (b)). Upon removing the Gd foil between the anvil and gasket assem­
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IE 
0.93IC
E (Q) for GeO2 glass at ambient pressure (black curve) compared with 
the measured intensities IE (Q) − 2 for the sample (red curve) and IE 
Figure 9.13: (a) The background corrected intensity ISC 
� (Q) = SC (Q) − 
SC C (Q) − 3 
for the empty Ti-Zr gasket (blue curve). (b) The background corrected inten­
sity I � (Q) = IE (Q) − 0.70IE (Q) for vanadium at 1.5(5) GPa (black curve) V C V C C 
compared with the measured intensities IE (Q) − 2 for the vanadium (red V C 
curve) and IE(Q) − 3 for the empty Ti-Zr gasket (blue curve). (c) The pre-C 
liminary normalised data set 
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 Scattering vector, Q (Å-1)




E (Q) for GeO2 glass at 5.0(5) GPa (black curve) compared with the 
measured intensities IE (Q) − 2 for the sample (red curve) and IE (Q) − 3 for 
Figure 9.14: (a) The background corrected intensity ISC 
� (Q) = SC (Q) − 
SC C 
the empty Ti-Zr gasket (blue curve). (b) The background corrected intensity 
I � (Q) = IE (Q) − 0.45IE (Q) for vanadium at 7.0(5) GPa (black curve) com-V C V C C 
pared with the measured intensities IE (Q) − 2 for the vanadium (red curve) V C 
and IE(Q) − 3 for the empty Ti-Zr gasket (blue curve). (c) The preliminary C 
normalised data set 
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IE 
0.30IC
E (Q) for GeO2 glass at 9.0(5) GPa (black curve) compared with the 
measured intensities IE (Q) − 2 for the sample (red curve) and IE (Q) − 3 for 
Figure 9.15: (a) The background corrected intensity ISC 
� (Q) = SC (Q) − 
SC C 
the empty Ti-Zr gasket (blue curve). (b) The background corrected intensity 
I � (Q) = IE (Q)−0.20IE (Q) for vanadium at 11.5(5) GPa (black curve) com-V C V C C 
pared with the measured intensities IE (Q) − 2 for the vanadium (red curve) V C 
and IE (Q) − 3 for the empty Ti-Zr gasket (blue curve). (c) The preliminary C 
normalised data set 
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 Scattering vector, Q (Å-1)




E (Q) for GeO2 glass at 11.5(5) GPa (black curve) compared with the 
measured intensities IE (Q) − 2 for the sample (red curve) and IE (Q) − 3 for 
Figure 9.16: (a) The background corrected intensity ISC 
� (Q) = SC (Q) − 
SC C 
the empty Ti-Zr gasket (blue curve). (b) The background corrected intensity 
I � (Q) = IE (Q)−0.15IE (Q) for vanadium at 15.0(5) GPa (black curve) com-V C V C C 
pared with the measured intensities IE (Q) − 2 for the vanadium (red curve) V C 
and IE(Q) − 3 for the empty Ti-Zr gasket (blue curve). (c) The preliminary C 
normalised data set 
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Figure 9.17: The double toroid anvil high pressure data sets. (a) The scattered 
intensities for GeO2 glass at 14(1) GPa (black curve) with the corresponding 
vanadium (blue curve) and empty Ti-Zr gasket (red curve) data sets displaced 
by -1 and -2, respectively, with the Gd foils in place. (b) The normalised 
sample scattering from (a) using the method detailed in § 9.4. (c) The scattered 
intensities for GeO2 glass at 14(1) GPa (black curve) with the corresponding 
vanadium (blue curve) and empty Ti-Zr gasket (red curve) data sets displaced 
by -1 and -2, respectively, with the Gd foils removed. (d) The normalised 







































 Scattering vector, Q (Å-1)
(c)




E (Q) for GeO2 glass at 14(1) GPa (black curve) compared with the mea­
sured intensities IE (Q) − 2 for the sample (red curve) and IE (Q) − 3 for 
Figure 9.18: (a) The background corrected intensity ISC 
� (Q) = SC (Q) − 
SC C 
the empty Ti-Zr gasket (blue curve). (b) The background corrected intensity 
I � (Q) = IE (Q) − 0.30IE (Q) for vanadium at 9.0(5) GPa (black curve) com-V C V C C 
pared with the measured intensities IE (Q) − 2 for the vanadium (red curve) V C 
and IE(Q) − 3 for the empty Ti-Zr gasket (blue curve). (c) The preliminary C 
normalised data set 
�
IE (Q) − 0.20IE (Q)� / �IE (Q) − 0.30IE (Q)�.SC C V C C 
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There is, however, an increase in the Bragg scattering from the diamond anvils 
although this eﬀect is small due to the close proximity of the anvils to each 
other which increases the eﬀectiveness of the Cd shielding in preventing scat­
tering paths from the sintered diamond anvils to the detectors. This data set 
can be adequately corrected and normalised to the scattering from a vanadium 
pellet measured in the same set up (see ﬁgure 9.17 (d)). For completeness, the 
ﬁnal background corrected intensities and the preliminary normalised data set 
for the double toroid anvil experiment are plotted in ﬁgure 9.18. 
It is not easy to obtain the scaling factor W in equation 9.20. The reason 
for this is the limited accessible Q range of the PEARL instrument which 
leads to a truncation of the diﬀraction patterns at a relatively large minimum 
Q value of 1.55 A˚
−1 
. Therefore, the Fourier transform of the reciprocal space 
data sets will be aﬀected by the method used to extrapolate this data to low Q. 
Also, this is the same region of Q that is most sensitive to problems with the 
data normalisation. Several methods were therefore employed to extrapolate 
the data sets to low Q values, and their eﬀectiveness was examined. 
A
−1 
Method (i) involved setting the F (Q) functions for 0 ≤ Q ≤ 1.55 ˚ to 
the F (0) limiting value. This was obtained by making a linear ﬁt to the low-Q 
region of the F (Q) function for GeO2 glass measured under ambient conditions 
in a conventional neutron diﬀraction experiment [305] (see ﬁgure 9.19) for 
which a value for F (0) = −0.387 barn is obtained. The F (0) limit may also 
be estimated by adopting the Bhatia Thornton [243] formalism in which the 
total structure factor is deﬁned by 
F (Q) = �b� 2SNN (Q)+(bGe−bO)2SCC (Q)+2�b�(bGe−bO)SNC (Q)−(cGeb2 ),Ge+cOb2 O
(9.23) 
where SNN (Q), SCC (Q) and SNC (Q) denote the number-number, concentration-
concentration and number-concentration partial structure factors, respectively. 
Assuming that GeO2 is an ionic material, then SCC (0) = SNC (0) = 0 and 
SNN (0) = n0kBTχT , where n0 is the number density, kB is the Boltzmann 
constant, T is the absolute temperature and χT = 0.042 GPa
−1 is the isother­
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Figure 9.19: Linear ﬁt to the F (Q) function for GeO2 glass at ambient pressure 
as measured by Salmon et al. [305]. The solid (black) curve shows the F (Q) 
and the dashed (red) curve shows the linear ﬁt at low-Q which gives F (0) = 
−0.387 barn. 
mal compressibility at ambient pressure [295]. The theoretical F (0) value is 
then calculated to be 





= −0.4478 barn. (9.24)Ge + cOb2 O
This value deviates from the experimental value but is comparable in magni­
tude. This discrepancy may be due to the ionic approximation, since GeO2 is 
a covalent material, or could be due to experimental uncertainty in the low Q 
region of the measured F (Q) function. The isothermal compressibility χT is 
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pressure dependent [295] but this makes no signiﬁcant change to the theoretical 
value of F (0) at the pressures obtained in the present study. 
A
−1 
Method (ii) involved taking the data for 0 ≤ Q ≤ 1.55 ˚ from the F (Q) 
function for GeO2 glass measured under ambient conditions in a conventional 
neutron diﬀraction experiment [305] after scaling this data such that the First 




Method (iii) used the data for 0 ≤ Q ≤ 1.55 ˚ from the F (Q) func­
tions measured at comparable pressures using the D4C instrument, as given 
in chapter 8, after scaling this data such that the First Sharp Diﬀraction Peak 
(FSDP) ﬁts the visible part of the FSDP in a PEARL data set. 
The ﬁnal method (iv) involved simply setting the F (Q) functions to zero 
A
−1 
for Q values up to 0 ≤ Q ≤ 1.55 ˚ . 
The total structure factors F (Q) for GeO2 glass at the various pressures, 
each normalised by applying the four distinct low-Q extrapolation methods, 
are plotted in ﬁgures 9.20 to 9.24. The nearest neighbour region of the cor­
responding total pair distribution functions G(r), obtained by Fourier trans­
forming the F (Q) functions after making a Harwell spline ﬁt [115], are also 
plotted together with the running coordination number. It is clear that set­
ting the low-Q data to zero leads to a severe over-scaling of F (Q) in order 
to ensure agreement between F (Q) and the Fourier backtransform. Method 
(i) was eventually adopted to produce the ﬁnal data sets, i.e. the low-Q data 
points were set equal to the F (0) = −0.387 barn limit as extrapolated from 
Othe published ambient pressure F (Q) [305], since the coordination number n¯Ge 
obtained is in better agreement with the measurements of chapter 8. However, 
it is noted that the other methods (ii) and (iii) give results that are within the 
experimental error of the data obtained using method (i) and are thus equally 
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9.4. DATA ANALYSIS PROCEDURE

Figure 9.20: The total structure factor F (Q), total pair distribution function 
G(r) and running coordination number for GeO2 glass at ambient pressure 
obtained using various methods of low-Q extrapolation. The extrapolated 
data at low-Q is shown by the chained (red) curve where the functions in 
(a1) and (a2) have been obtained using method (i), the functions in (b1) and 
(b2) have been obtained using method (ii), the functions in (c1) and (c2) 
have been obtained using method (iii) and the functions in (d1) and (d2) 
have been obtained using method (iv). The bars in (a1) to (d1) represent the 
statistical errors and the solid (blue) curves are the Fourier back-transforms 
of the corresponding G(r) functions in (a2) to (d2) after the un-physical low-
r oscillations are set to the theoretical G(0) limit. The solid black curve in 
(a2) to (d2) shows the ﬁrst peak in the G(r) functions obtained by Fourier 
transforming the corresponding F (Q) functions in (a1) to (d1) after making a 
Harwell spline ﬁt [115] to the data. The solid (red) curves show the running 
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Figure 9.21: The total structure factor F (Q), total pair distribution function 
G(r) and running coordination number for GeO2 glass at 5.0(5) GPa obtained 
using various methods of low-Q extrapolation. The extrapolated data at low-
Q is shown by the chained (red) curve where the functions in (a1) and (a2) 
have been obtained using method (i), the functions in (b1) and (b2) have been 
obtained using method (ii), the functions in (c1) and (c2) have been obtained 
using method (iii) and the functions in (d1) and (d2) have been obtained using 
method (iv). The bars in (a1) to (d1) represent the statistical errors and the 
solid (blue) curves are the Fourier back-transforms of the corresponding G(r) 
functions in (a2) to (d2) after the un-physical low-r oscillations are set to the 
theoretical G(0) limit. The solid black curve in (a2) to (d2) shows the ﬁrst 
peak in the G(r) functions obtained by Fourier transforming the corresponding 
F (Q) functions in (a1) to (d1) after making a Harwell spline ﬁt [115] to the 
data. The solid (red) curves show the running coordination number over the 
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Figure 9.22: The total structure factor F (Q), total pair distribution function 
G(r) and running coordination number for GeO2 glass at 9.0(5) GPa obtained 
using various methods of low-Q extrapolation. The extrapolated data at low-
Q is shown by the chained (red) curve where the functions in (a1) and (a2) 
have been obtained using method (i), the functions in (b1) and (b2) have been 
obtained using method (ii), the functions in (c1) and (c2) have been obtained 
using method (iii) and the functions in (d1) and (d2) have been obtained using 
method (iv). The bars in (a1) to (d1) represent the statistical errors and the 
solid (blue) curves are the Fourier back-transforms of the corresponding G(r) 
functions in (a2) to (d2) after the un-physical low-r oscillations are set to the 
theoretical G(0) limit. The solid black curve in (a2) to (d2) shows the ﬁrst 
peak in the G(r) functions obtained by Fourier transforming the corresponding 
F (Q) functions in (a1) to (d1) after making a Harwell spline ﬁt [115] to the 
data. The solid (red) curves show the running coordination number over the 
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Figure 9.23: The total structure factor F (Q), total pair distribution function 
G(r) and running coordination number for GeO2 glass at 11.5(5) GPa obtained 
using various methods of low-Q extrapolation. The extrapolated data at low-
Q is shown by the chained (red) curve where the functions in (a1) and (a2) 
have been obtained using method (i), the functions in (b1) and (b2) have been 
obtained using method (ii), the functions in (c1) and (c2) have been obtained 
using method (iii) and the functions in (d1) and (d2) have been obtained using 
method (iv). The bars in (a1) to (d1) represent the statistical errors and the 
solid (blue) curves are the Fourier back-transforms of the corresponding G(r) 
functions in (a2) to (d2) after the un-physical low-r oscillations are set to the 
theoretical G(0) limit. The solid black curve in (a2) to (d2) shows the ﬁrst 
peak in the G(r) functions obtained by Fourier transforming the corresponding 
F (Q) functions in (a1) to (d1) after making a Harwell spline ﬁt [115] to the 
data. The solid (red) curves show the running coordination number over the 
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Figure 9.24: The total structure factor F (Q), total pair distribution function 
G(r) and running coordination number for GeO2 glass at 14(1) GPa obtained 
using various methods of low-Q extrapolation. The extrapolated data at low-
Q is shown by the chained (red) curve where the functions in (a1) and (a2) 
have been obtained using method (i), the functions in (b1) and (b2) have been 
obtained using method (ii), the functions in (c1) and (c2) have been obtained 
using method (iii) and the functions in (d1) and (d2) have been obtained using 
method (iv). The bars in (a1) to (d1) represent the statistical errors and the 
solid (blue) curves are the Fourier back-transforms of the corresponding G(r) 
functions in (a2) to (d2) after the un-physical low-r oscillations are set to the 
theoretical G(0) limit. The solid black curve in (a2) to (d2) shows the ﬁrst 
peak in the G(r) functions obtained by Fourier transforming the corresponding 
F (Q) functions in (a1) to (d1) after making a Harwell spline ﬁt [115] to the 
data. The solid (red) curves show the running coordination number over the 
region of the ﬁrst peak in G(r). 
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9.5 Results 
Table 9.3: The leading peak positions q1, q2 and q3 in the measured F (Q) for 
GeO2 glass at pressure P , together with the leading peak positions r1, r2, r3 
Oand coordination number n¯Ge for the corresponding G(r) functions. 
F (Q) G(r) 
OP (GPa) q1 (A˚
−1) q2 (A˚
−1) q3 (A˚
−1) n¯Ge r1 (A)˚ r2 (A)˚ r3 (A)˚
0 1.59(5) 2.58(5) 4.64(5) 3.8(1) 1.73(2) 2.83(3) 4.40(5) 
5.0(5) 1.81(5) 2.64(5) 4.52(5) 4.4(1) 1.74(2) 2.90(3) 4.14(5) 
9.0(5) 1.99(5) 2.77(5) 4.67(5) 4.9(1) 1.76(2) 2.89(3) 4.17(5) 
11.5(5) 2.05(5) 2.80(5) 4.52(5) 4.9(1) 1.80(2) 2.94(3) – 
14.0(1) 2.10(5) 2.89(5) 4.52(5) 5.5(1) 1.81(2) 2.82(3) 4.20(5) 
The ﬁnal total structure factors F (Q) for GeO2 glass at the various pres­
sures are plotted in ﬁgure 9.25. The ambient pressure F (Q) function is in 
good overall agreement with the F (Q) for glassy natGeO2 measured in a con­
ventional neutron diﬀraction set-up at ambient pressure [305] also plotted in 
A
−1 
ﬁgure 9.25 (a). However, the ﬁrst sharp diﬀraction peak (FSDP) at 1.59(5) ˚
A
−1 
is truncated at the minimum scattering vector Qmin = 1.55 ˚ accessible 
in the PEARL diﬀraction experiments. The total pair distribution functions, 
G(r), obtained by Fourier transforming the corresponding F (Q) functions with 
A
−1 
Qmax = 19.55 ˚ after making a Harwell spline ﬁt [115] to the data, are plot­
ted in ﬁgure 9.26. The positions of the leading peaks in the F (Q) and G(r) 
functions are listed in table 9.3 together with the coordination number n¯O Ge. 
Figure 9.27 shows a comparison of the measured F (Q) functions at ambient 
pressure, 5.0(5) GPa and 9.0(5) GPa with the F (Q) functions measured using 
a Paris-Edinburgh press mounted on the D4C instrument, as presented in § 8.5, 
at ambient pressure, 4.9(5) GPa and 8.0(5) GPa. The ambient pressure F (Q) 
functions obtained from the two separate instruments are in good overall agree­
ment and show the same trends with pressure in peak position and relative 
A
−1 
height. However, the partially visible FSDP at 1.59(5) ˚ from the mea­
surements obtained using PEARL is signiﬁcantly higher than the FSDP in the 
F (Q) measured on D4C. For pulsed neutron source experiments, inelasticity ef­
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Figure 9.25: Total structure factors F (Q) for GeO2 glass at (a) ambient pres­
sure, (b) 5.0(5) GPa, (c) 9.0(5) GPa, (d) 11.5(5) GPa, and (e) 14.0(1) GPa. 
The bars represent the statistical errors and the solid (blue) curves are the 
Fourier back-transform of the corresponding G(r) functions given in ﬁgure 
9.26 after the un-physical low-r oscillations are set to their theoretical G(0) 
limit. The dashed (red) curve in (a) shows the F (Q) function measured for 
natGeO2 in a conventional neutron diﬀraction set-up at ambient pressure [305]. 
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Figure 9.26: Total pair distribution functions G(r) for GeO2 glass at (a) ambi­
ent pressure, (b) 5.0(5) GPa, (c) 9.0(5) GPa, (d) 11.5(5) GPa, (e) 14.0(5) GPa 
as obtained by Fourier transforming the corresponding F (Q) functions shown 
in ﬁgure 9.25 after making a Harwell spline ﬁt [115] to the data with 
A
−1 
Qmax = 19.55 ˚ . The dashed (red) curves indicate the extent of the 
un-physical low-r oscillations. 
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Figure 9.27: Total structure factors F (Q) for GeO2 glass at (a) ambient pres­
sure, (b) 5.0(5) GPa and (c) 9.0(5) GPa. The bars represent the statistical 
errors and the solid (blue) curves are the Fourier back transforms of the cor­
responding G(r) functions given in ﬁgure 9.31 after the un-physical low-r os­
cillations are set to their theoretical G(0) limit. The dashed (red) curves show 
the F (Q) functions at (a) ambient pressure, (b) 4.9(5) GPa and (c) 8.0(5) GPa 
as measured in a Paris-Edinburgh cell mounted on the D4C instrument and 
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Figure 9.28: (a) The F (Q) function for GeO2 glass at ambient pressure taken in 
situ in the Paris-Edinburgh (PE) press on the PEARL instrument (solid blue 
curve) together with the same F (Q) but with the Placzek [31] (inelasticity) 
correction applied (solid black curve) and the F (Q) function measured on 
the D4C instrument [305]. (b) The total structure factor F (Q) for GeO2 
glass at ambient pressure taken in situ in the Paris-Edinburgh (PE) press on 
the PEARL instrument (solid blue curve) together with the F (Q) functions 
taken in a vanadium can at ambient pressure on the GLAD instrument [286] 
(green curve), on the PEARL instrument (solid black curve) and on the D4C 




fects are most signiﬁcant in the low-Q region which suggests that the increased 
intensity is the result of not applying the Placzek [31] (inelasticity) correction 
on the PEARL data sets. However, as shown in ﬁgure 9.28 (a), application 
of the Placzek [31] correction plotted in ﬁgure 9.11 has only a small eﬀect on 
the height of the FSDP. A conventional ambient pressure diﬀraction pattern 
was therefore taken on the PEARL instrument for GeO2 glass in a vanadium 
container using the lower scattering angle detector banks at 20 ≤ 2θ (◦) ≤ 60 
in addition to the 90◦ bank used for the in situ measurements. The diﬀraction 
pattern was corrected for scattering from the vanadium can and normalised to 
the scattered intensity of a vanadium sphere but no corrections were made to 
account for attenuation, multiple scattering or inelasticity eﬀects. As shown 
in ﬁgure 9.28 (b), the F (Q) function is in good agreement with the F (Q) mea­
sured using the D4C instrument. However the height of the FSDP in the F (Q) 
for GeO2 glass measured by Sampath et al. [286] on the GLAD instrument 
is slightly higher than for D4C. The diﬀerences can be mainly attributed to 
the instruments having a diﬀerent resolution function, which can have a sig­
niﬁcant eﬀect on sharp peaks at low Q values [321]. The resolution function 
for the 90◦ detector bank at PEARL has a value of ΔQ/Q � 0.85 %. This 
is signiﬁcantly better than the resolution function of the D4C instrument in 
A
−1 
the vicinity of the FSDP at 1.5 ˚ where ΔQ/Q = 3 % for incident neu­
trons of wavelength 0.7 ˚ The resolution function ΔQ/Q � 1.5 % for the A. 
lower scattering angle detector banks on PEARL, which helps to explain the 
agreement between the measurements obtained by the conventional diﬀraction 
experiments using both PEARL and D4C. For GLAD, the resolution function 
A
−1 
is equal to ΔQ/Q = 1.7 % at Q = 1.5 ˚ [322]. 
The changes in peak position and height of the FSDP are plotted in ﬁgure 
9.29 together with the changes observed in the previous x-ray diﬀraction mea­
surements by Guthrie et al. [285] and the neutron diﬀraction measurements 
presented in chapter 8. The same general trends are apparent i.e. there is 
a dramatic reduction in height of the FSDP with increasing pressure and a 
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Figure 9.29: (a) Position of the First Sharp Diﬀraction Peak (FSDP) as a 
function of pressure as measured by Guthrie et al. [285] using x-ray diﬀraction 
(open squares), from the present study using the PEARL instrument (blue 
stars) and from the results presented in chapter 8 using the D4C instrument 
from study A (solid green squares) and study B (solid red circles). (b) Height 
of the FSDP, taken to be the value of F (Q) at the FSDP position, from the 
present study using the PEARL instrument (blue stars) and from the results 
presented in chapter 8 using the D4C instrument from study A (solid green 
squares) and study B (solid red circles). (c) The full width at half maximum 
(FWHM) of the FSDP taken from the results presented in chapter 8 using the 
D4C instrument from study A (solid green squares) and study B (solid red 
circles). 
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Figure 9.30: Height plotted as a function of pressure for (a) the principal 
peak and (b) the third peak in the reciprocal space functions, taken to be the 
value of F (Q) at the peak position, from the present study using the PEARL 
instrument (blue stars) and from the results presented in chapter 8 using the 










































CHAPTER 9. STRUCTURE OF GeO2 GLASS AT HIGH PRESSURE II 
Figure 9.31: Total pair distribution functions G(r) for GeO2 glass shown by 
the blue curves at (a) ambient pressure, (b) 5.0(5) GPa and (c) 9.0(5) GPa 
as obtained by Fourier transforming the corresponding F (Q) functions in ﬁg­
ure 9.27 after making a Harwell spline ﬁt [115] to the data and truncating 
A
−1 
at Qmax = 15.45 ˚ . The dashed (red) curve indicates the extent of the 
un-physical low-r oscillations. The black curves show the G(r) function at 
(a) ambient pressure, (b) 4.9(5) GPa and (c) 8.0(5) GPa as measured in a 




increase in height of the principal and third peaks (see ﬁgure 9.30). The mea­
surements from the PEARL instrument show that beyond 9 GPa the height 
of the third peak subsequently reduces such that at 14(1) GPa the height is 
smaller than the value at ambient pressure. The periodicity of the intermedi­
ate range ordering in real space is given by 2π/q1, where q1 is the position of 
the FSDP. The coherence length, which estimates the distance in real space 
over which the intermediate range ordering persists, is given by 2π/Δq1, where 
Δq1 is the full width at half maximum of the FSDP [116]. The FWHM of the 
FSDP could not be obtained from the PEARL measurements as the FSDP is 
A
−1 
truncated below 1.55 ˚ . However, the FWHM of the FSDP obtained from 
the neutron diﬀraction measurements presented in chapter 8 are plotted in 
ﬁgure 9.29 (c) and suggest a general reduction in the coherence length with 
increasing pressure. 
The G(r) functions plotted in ﬁgure 9.31 were obtained by Fourier trans­
forming the F (Q) functions in ﬁgure 9.27 at ambient pressure, 5.0(5) GPa and 
9.0(5) GPa, after making a Harwell spline ﬁt [115] to the data and truncat­
ing at the same Qmax = A
−1 
The G(r) functions 15.45 ˚ as the D4C results. 
obtained by PEARL are in good overall agreement with the D4C data sets 
presented in § 8.5 at ambient pressure, 4.9(5) GPa, and 8.0(5) GPa. However, 
A
−1 
the larger Qmax = 19.55 ˚ obtained using PEARL leads to greater resolu­
tion in real space, as evident by comparing the G(r) functions plotted in ﬁgure 
9.26 with the corresponding G(r) functions plotted in ﬁgure 9.31 where the 
nearest neighbour peak is much sharper in the G(r) functions obtained after 
truncating at the higher Qmax. The ﬁrst peak at r1 1.73(2) ˚= A at ambient 
pressure is attributed to the nearest neighbour Ge-O correlations and yields 
Oa coordination number n¯Ge = 3.8(1). The nearest neighbour peak position 
OrGeO and coordination number n¯Ge obtained using the PEARL instrument are 
plotted as a function of pressure in ﬁgure 9.32 together with the measure­
ments from studies A and B presented in the chapter 8, the previous x-ray 
diﬀraction measurements by Guthrie et al. [285], the XAS results of Itie et 
al. [282] and the recent EXAFS measurements by Vaccari et al. [323]. The 
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CHAPTER 9. STRUCTURE OF GeO2 GLASS AT HIGH PRESSURE II 
Figure 9.32: (a) Coordination number n¯O as a function of pressure for GeO2Ge 
glass taken from the present study (blue stars), study A from chapter 8 (solid 
green squares), study B from chapter 8 (solid red circles), previous x-ray 
diﬀraction measurements by Guthrie et al. [285] (open squares) and EXAFS 
measurements by Vaccari et al. [323] (open diamonds). (b) Nearest neighbour 
peak position rGeO as a function of pressure for GeO2 glass taken from the 
present study (blue stars), study A from chapter 8 (solid green squares), study 
B from chapter 8 (solid red circles), previous x-ray diﬀraction measurements by 
Guthrie et al. [285] (open squares), XAFS measurements by Itie et al. [282] 





Ge-O peak position for the PEARL measurements increases to 1.81(2) A˚ at 
14(1) GPa and there is a corresponding increase in the coordination number 
n¯Ge to 5.5(1). The second peak at r2 = 2.83(3) ˚
O A in the ambient pressure 
G(r) function is attributed to the nearest neighbour O-O correlations [306]. 
For regular tetrahedral GeO4 units, the ratio rOO/rGeO = 
�
8/3 = 1.633. The 
ratio calculated from the measured partial pair distribution functions for GeO2 
glass under ambient conditions is 1.636(11) [305]. This ratio is anticipated to 
show a signiﬁcant change with increasing pressure [324], however, the ratio 
calculated from the data given in table 9.3 or from the D4C results from the 
preceding chapter, does not display a systematic pressure dependency despite 
the observed increase in coordination number at elevated pressures. This may 
result from an increasing overlap with pressure between the nearest neighbour 
O-O and Ge-Ge correlations that renders unsafe the assignment of r2 soley to 
O-O correlations. 
9.6 Discussion 
The same general trends are apparent in both the reciprocal space and real 
space functions obtained from in situ neutron diﬀraction measurements of 
GeO2 glass at high pressure using a Paris-Edinburgh cell set up at the PEARL 
instrument or the D4C instrument (see chapter 8) and from the high pressure 
x-ray and neutron diﬀraction measurements made by Guthrie et al. [285]. 
That is to say, at pressures up to ≈ 5 GPa, there is a dramatic reduction in 
height and shift of the FSDP to higher Q with increasing pressure accompa­
nied by an increase in the height of the principal peak. As the pressure is 
Oincreased beyond 5 GPa an increase in coordination number n¯Ge is observed 
from 4-fold to approaching 6-fold at ≈ 15 GPa (see ﬁgure 9.32) which is accom­
panied by an increase in the nearest neighbour Ge-O bond distance rGeO. The 
overall results are therefore consistent with the operation of two desiﬁcation 
mechanisms. At low pressures there is a reorganisation of the GeO4 tetrahedra 
which manifests itself in the FSDP as a change in the intermediate range or­
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der. Raman spectroscopy results [283, 284] in this pressure regime have been 
interpreted in terms of a reduction in the mean inter-tetrahedral O-Ge-O bond 
angle accompanied by a distortion of the GeO4 tetrahedra which manifests it­
self in terms of a larger distribution of intra-tetrahedral O-Ge-O angles rather 
than by a change in the Ge-O bond length. At higher pressures, further reor­
ganisation of the intermediate range order is facilitated by an increase in the 
local coordination number. 
At ambient pressure the F (Q) functions are in good overall agreement 
with the F (Q) function measured for natGeO2 glass taken during an isotopic 
substitution experiment by Salmon et al. [305] using a conventional neutron 
diﬀraction set-up at ambient pressure using the D4C instrument, where the 
structure is based on a network of corner shared GeO4 tetrahedra [306]. The 
full set of Faber-Ziman partial structure factors Sαβ (Q) taken from Salmon et 
al. [305] are plotted in ﬁgure 9.33 where a comparison is made between the 
total neutron structure factor recSN (Q) reconstructed from these partials and 
the measured ambient pressure SN (Q) from both the PEARL and D4C ex­
periments. For comparison, the contribution of the Sαβ (Q) to the total x-ray 
structure factor SX (Q) measured at ambient pressure by Sampath et al. [286] 
is shown in ﬁgure 9.34 together with the total x-ray structure factor recSX (Q) 
reconstructed from the Faber-Ziman partial structure factors. As noted in 
Ref. [305], the Ge-Ge and Ge-O correlations give the largest contribution to 
SN (Q) in the region of the FSDP. Therefore, despite the fact that the O-O cor­
relations have a larger weighting in SN (Q) compared with SX (Q), the changes 
observed with increasing pressure in the FSDP cannot be safely attributed to 
changes that are mostly associated with the oxygen atom correlations, as pro­
posed by Guthrie et al. [285]. Instead, they are most likely to be attributed to 
a reduction in both the Ge-O and Ge-Ge correlations within this region. How­
ever, O-O correlations do contribute more strongly to the third peak in SN (Q) 
compared with SX (Q). Therefore, the initial increase in height of the third 
peak in F (Q) with pressure increasing to ≈ 9 GPa and subsequent decrease 

















































Figure 9.33: (a) A comparison between the measured SN (Q) for GeO2 glass 
at ambient pressure from § 8.5 (solid red curve), the SN (Q) for GeO2 glass 
at ambient pressure measured using PEARL, and the recSN (Q) for GeO2 glass 
(solid circles) as obtained from the neutron weighted GeO2 Faber-Ziman partial 
structure factors given in (b) where SN (Q) = A
N (Q)+ AN (Q)+ AN (Q).GeGe GeO OO
(b) The neutron weighted Faber-Ziman partial structure factors [305] are 
given by AN (Q) = c2 b2 SGeGe(Q)/�b�2 (solid red curve), AN (Q) = GeGe Ge Ge GeO
2cGecObGebOSGeO(Q)/�b� OO O2 OSOO(Q)/�b�22 (solid black curve) and AN (Q) = c b2 
(dashed blue curve), where �b� = cGebGe + cObO and the neutron scattering 
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Figure 9.34: (a) A comparison between the measured SX (Q) for GeO2 glass 
at ambient pressure [286] (solid blue curve) together with the recSX (Q) 
function for GeO2 glass (solid circles) as obtained from the x-ray weighted 
GeO2 Faber-Ziman partial structure factors given in (b) where SX (Q) = 
AX (Q) + AX (Q) + AX (Q). (b) The x-ray weighted Faber-Ziman partial GeGe GeO OO
structure factors [305] are given by AX (Q) = c2 2 GeGe GefGe(Q)
2SGeGe(Q)/�f(Q)�
(solid red curve), AX (Q) = 2cGecOfGe(Q)fO(Q)SGeO(Q)/�f(Q)�2 (solid black GeO
OO O
2 fO(Q)
2SOO(Q)/�f(Q)�2curve) and AX (Q) = c (dashed blue curve), where 
�f(Q)� = cGefGe(Q) + cOfO(Q) and the neutral atom form factors fGe(Q) and 





result mainly from changes in the O-O correlations relative to the Ge-Ge and 
Ge-O correlations. The small principal peak in the SN (Q) functions arises 
from an almost complete cancellation of the large principal peaks in the neu­
tron weighted Sαβ (Q). The increase in height of the principal peak of SN (Q) 
with increasing pressure may therefore be attributed to a change in the relative 
heights of the principal peaks of the Ge-Ge and O-O correlations relative to 
the Ge-O correlations in the neutron weighted Sαβ (Q). 
As discussed in chapter 8, the FSDP is a signature of the arrangement 
and packing of the structural units on an intermediate length scale where the 
wavelength of the associated periodicity in real space is given by 2π/q1, where 
q1 is the position of the FSDP. The dramatic changes observed in the height 
and position of the FSDP in the measured F (Q) functions for GeO2 glass at 
moderate pressures therefore suggests a substantial change in the intermediate 
range order which can be explained by a compaction and eventual collapse of 
the cage-like structures that enclose open regions of the network formed by 
corner shared GeO4 structural units at ambient pressure [285, 286]. As plotted 
in ﬁgure 9.32, the same general trends are also observed in the real space 
data sets obtained by high pressure diﬀraction methods, i.e. the coordination 
Onumber n¯Ge begins to increase from a value of four when the pressure � 5 GPa. 
This indicates that the compression of the cage-like structures is accompanied 
by a transformation in the nature of the basic structural motifs as more O 
atoms are forced into close proximity to the Ge atoms. The increase in n¯O Ge 
with increasing pressure is accompanied by an increase in the position rGeO of 
the ﬁrst peak in G(r), resulting from an expansion of the nearest neighbour 
coordination shell to accommodate the additional O atoms. 
OThe coordination number n¯Ge = 4 at ambient pressure increases after 
≈ 5 GPa to a value of 4.9(1) at 9.0(5) GPa. Since the G(r) functions provide 
only an average coordination number n¯O the observed increase may arise Ge, 
from a transformation of the structural units from GeO4 tetrahedra to GeO6 
octahedra via GeO5 pentahedra, a coexistence of both GeO4 tetrahedra and 
GeO6 octahedra, or even a coexistence of all three of these basic structural mo­
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tifs. The nearest neighbour distance rGeO increases from a value of 1.73(2) A˚ at 
ambient pressure to a value of 1.76(5) A˚ at 9.0(5) GPa. This distance is within 
the range of bond distances for GeO5 pentahedra of 1.82 ≤ rGeO A) ≤ 1.93(˚
in germanate glasses [307, 308] and 1.77 ≤ rGeO A) ≤ 1.97 in crystalline (˚
K2Ge8O17 [309]. The coordination number increases to a value of 5.5(1) at 
14(1) GPa with a corresponding increase in rGeO to 1.81(2) A˚. This distance is 
consistent with the EXAFS results of Vaccari et al. [323]. However, Guthrie et 
Oal. [285] report a signiﬁcantly higher coordination number n¯Ge = 6.0(3) and 
Ge-O bond distance of 1.91(2) A˚ at 15 GPa, which is consistent with the dis­
tance rGeO = 1.87 A˚ found in the crystalline rutile (octahedral) phase of GeO2 
at 16 GPa [325]. 
The neutron diﬀraction results presented in this thesis indicate that the 
Otransformation of the basic GeO4 tetrahedral structural units to higher n¯Ge 
is not as sharp as suggested by the high pressure x-ray diﬀraction measure­
ments obtained by Guthrie et al. [285] or by the XAS measurements of Itie et 
al. [282]. The latter report a sharp increase in rGeO at 6 GPa, however it is 
noted that the rGeO shows signiﬁcant hysteresis on decompression. The results 
of a recent high pressure EXAFS study on GeO2 glass by Vaccari et al. [323] 
give values for rGeO that are in much better agreement with the diﬀraction 
results. However, as shown in ﬁgure 9.32 (a), the coordination number n¯O isGe 
not reliably determined as a function of pressure and does not reproduce the 
general trend observed in the diﬀraction results. This inconsistency is due to 
the inherent diﬃculty in extracting coordination numbers from EXAFS data 
due to the high correlation between the coordination number and the EXAFS 
Debye-Waller factor. These are both used as ﬁtting parameters to the EXAFS 
oscillations, the decay of which in this speciﬁc instance could not be accurately 
determined due to the limited range of the data sets [323]. 
In order to investigate the relation between the structure of glassy GeO2 
and SiO2, the total neutron structure factor 
recSN (Q) for SiO2 was recon­
structed from the neutron weighted Faber-Ziman partials for GeO2 glass [305]. 
The result is plotted in ﬁgure 9.35 (a) where a comparison is made with the 
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Figure 9.35: (a) The measured SN (Q) for SiO2 glass [305] (solid blue 
curve) together with the recSN (Q) function for SiO2 glass (solid circles) 
reconstructed from the GeO2 Faber-Ziman partial structure factors where 
recSN (Q) = c
2 b2 2 + c2 b2 2 Si SiSGeGe(Q)/�b� O OSOO(Q)/�b�2 +2cSicObSibOSGeO(Q)/�b� , 
where �b� = cSibSi + cObO, bSi = 4.1491(10) fm and bO = 5.803(4) fm 
[30]. (b) The measured SX (Q) for SiO2 glass [326] (solid blue curve) 
together with the recSX (Q) function for SiO2 glass (solid circles) re­
constructed from the GeO2 Faber-Ziman partial structure factors where 
recSN (Q) = c
2 fSi(Q)
2SGeGe(Q)/�f(Q)�2 + c2 fO(Q)2SOO(Q)/�f(Q)�2 +Si O
2cSicOfSi(Q)fO(Q)SGeO(Q)/�f(Q)�2, where �f(Q)� = cSifSi(Q) + cOfO(Q) and 
the neutral atom form factors fSi(Q) and fO(Q) are taken from Ref. [201]. (c) 
SN (Q) for GeO2 glass at 14(1) GPa taken at PEARL (solid blue curve) by 
comparison to SX (Q) for SiO2 glass at 50 GPa [276] (open circles). All of the 
data sets are plotted as a function of the scaled scattering vector Qrnn, where 
rnn is the nearest neighbour distance as indicated. 
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measured SN (Q) for SiO2 glass [306]. Like GeO2, the structure of SiO2 glass 
at ambient pressure is based on an open network of corner shared SiO4 tetra­
hedral units with a nearest neighbour Si-O bond distance rSiO = A1.60(1) ˚
[306]. However, the relative arrangement of these tetrahedra is diﬀerent by 
comparison to GeO2, as is evident by the higher and sharper FSDP in the 
measured SN (Q) for SiO2 glass by comparison to the reconstruction 
recSN (Q) 
using the GeO2 partials. The same general features nevertheless occur in 
the total structure factors of both glasses. The total x-ray structure factor 
recSX (Q) for SiO2 reconstructed from the x-ray weighted Faber-Ziman partials 
for GeO2 glass [305] is plotted in ﬁgure 9.35 (b) where a comparison is made 
with the measured SX (Q) for SiO2 glass by Kohara and Suzuya [326]. The 
recSX (Q) function displays a less intense FSDP than the measured SX (Q). Fig­
ure 9.35 (c) shows a comparison between the SN (Q) measured for GeO2 glass 
using PEARL at 14(1) GPa and the SX (Q) obtained from a recent high pres­
sure x-ray diﬀraction measurement of 6-fold coordinated SiO2 glass at 50 GPa 
using a diamond anvil cell [276]. Despite comparing a neutron SN (Q) with an 
x-ray SX (Q), which at ambient pressure display signiﬁcant diﬀerences, the two 
data sets are in remarkable agreement. For example, both materials exhibit 
a prominent FSDP of comparable intensity, in contrast to the previous x-ray 
diﬀraction measurement of octahedral GeO2 glass at 15 GPa [285] which does 
not show an FSDP. This is consistent with the high pressure form of glassy 
GeO2 being a close structural analogue to the high pressure phase of glassy 
SiO2 but with the pressure induced transformations occuring at much lower 
pressures, as also indicated by work on the crystalline phases of these materials 
[325, 327, 328]. The result is also consistent with Raman spectroscopy mea­
surements which suggest the structure of SiO2 at 8 GPa closely resembles that 
of GeO2 at ambient pressure as the inter-tetrahedral O-Si-O bond, which is 
larger than O-Ge-O, tightens with negligible tetrahedral distortion [283]. With 
increasing pressure the Raman spectra of glassy SiO2 follows a similar pattern 
to glassy GeO2 but at much higher pressures indicating GeO4 tetrahedra are 





Improvements were made to the incident neutron beam collimation, pressure 
cell shielding and experimental methods to obtain the correctly normalised 
total structure factor F (Q) functions for amorphous GeO2 at various high 
pressures using the PEARL instrument at ISIS, UK. 
The results for GeO2 glass essentially show the same trends with increas­
ing pressure as previous x-ray diﬀraction measurements [285]. At moderate 
pressures, large changes are observed in the FSDP and principal peak of the 
F (Q) functions suggesting a collapse of the network structure. With pressure 
increasing beyond 5 GPa, a gradual increase in the coordination number n¯O Ge 
is observed, reaching 4.9(1) at 9.0(5) GPa. At 14(1) GPa the coordination 
number reaches 5.5(1) with an associated increase in the nearest neighbour 
bond distance rGeO to 1.81(2) A˚ as the nearest neighbour coordination shell 
expands to accept more O atoms. The FSDP is still present at this high pres­
sure, in contrast to the previous x-ray diﬀraction measurement of octahedral 
GeO2 glass at 15 GPa [285]. 
The high pressure results for GeO2 glass will complement proposed molecu­
lar dynamics simulations on this system at high pressures. They also pave the 
way for applying the method of isotopic substitution in neutron diﬀraction to 
glasses at high pressures. These new experiments will be made using e.g. the 





10. Overall conclusions 
In this thesis the results of neutron and high energy x-ray diﬀraction exper­
iments on a variety of liquid and glass systems were reported and the key 
results, conclusions and suggestions for further work are discussed below. 
The results of neutron diﬀraction measurements of molten CuCl, CuI and 
(CuCl)x(CuI)1−x (0 ≤ x ≤ 1) mixtures were presented in chapter 4. A com­
parison with the information that is available on the structure of CuCl and 
CuI from experiment, theory and computer simulation revealed a need to im­
prove existing models of CuCl and CuI before a realistic attempt can be made 
to account for the structure of their mixtures. These should take into ac­
count the presence of partially covalent Cu-Cu and Cu-I chemical bonds that 
have been found in CuI by the application of ab initio molecular dynamics 
methods. Further experimental measurements are required to obtain accurate 
partial structure factors for both molten CuI and the CuCl-CuI mixtures. This 
could be achieved by employing the method of isotopic substitution in neutron 
diﬀraction, to e.g. obtain the full set of partial structure factors for CuI and 
the Cu-Cu partial structure factor for the ternary CuCl-CuI system. 
The structure and properties of the glassy (R2X3)0.07(Ga2X3)0.33(GeX2)0.60 
system, where R denotes a rare earth element and X denotes a chalcogenide 
element S or Se, were investigated in chapters 5 to 7 using a combination 
isomorphic substitution in neutron and x-ray diﬀraction, 71Ga magic angle 
spinning (MAS) nuclear magnetic resonance (NMR) and diﬀerential scanning 
calorimetry (DSC) methods. The results show that the structure of these 
glasses is based on a network of GeX4 and GaX4 tetrahedra. Diﬀerence func­
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tion methods were applied to the diﬀraction results and for the large rare 
earth ions provided a coordination number of n¯S = 8.1(2) and nearest neigh-R 
bour bond distance of rRS = 3.03(3) A˚ in the sulphide glass and a coordination 
Senumber of n¯R = 8.0(2) and bond distance of rRSe = 3.05(3) A˚ in the selenide 
glass. For the small rare earth ions in the selenide glass a smaller distance 
rRSe = A and coordination number nR = 5.0(2) were obtained. In2.93(3) ˚ ¯
Se 
order to complete this study a comparison should be made with the struc­
ture of the sulphide glass containing small rare earth species. This could be 
achieved by using isomorphic substitution in x-ray diﬀraction with R = Y 
or Ho, or in neutron diﬀraction with R = Dy or Ho, for which there is a 
large contrast in the coherent neutron scattering lengths bDy = 16.9(2) fm cf. 
bHo = 8.01(2) fm [30]. Further information could be gained on the rare earth 
coordination environment of this glass system using 89Y MAS NMR. For the 
selenide glass 77Se MAS NMR could also be used. The rare earth correlations 
could be better probed by applying neutron and x-ray diﬀraction methods to 
glasses containing a greater atomic fraction of rare earth ions. It may also 
be possible to unambiguously identify the rare earth correlations in the total 
pair distribution functions measured by diﬀraction and to extract the SRR(Q) 
partial structure factor by using diﬀerence function methods. 
In chapter 8 in situ high pressure neutron diﬀraction experiments on GeO2 
glass were reported using the Paris-Edinburgh press on the D4C diﬀractometer 
at the ILL, France. An analysis procedure was developed to account for the 
gasket and background scattering at each pressure point and improved neutron 
shielding led to the extraction of high quality total structure factors F (Q) at 
pressures up to 8 GPa. Future improvements could be made to the D4C 
instrument to further reduce the contribution to the background scattering 
from the anvils by focussing a narrower neutron beam onto the sample position 
and allowing the entire press assembly to move vertically in order to maintain 
the sample position at the center of the incident neutron beam. 
In chapter 9 in situ high pressure neutron diﬀraction experiments on GeO2 
glass were reported using the Paris-Edinburgh press on the PEARL instrument 
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at ISIS, UK, with sintered diamond anvils. Improvements were made to the 
incident neutron beam collimation, pressure cell shielding and experimental 
methods which enabled the extraction of correctly normalised total structure 
factors F (Q) at pressures up to 14(1) GPa. 
The results from the high pressure neutron diﬀraction measurements of 
GeO2 glass essentially show the same trends with increasing pressure as previ­
ous x-ray diﬀraction measurements [285]. At moderate pressure, large changes 
are observed in the FSDP and principal peak of the F (Q) functions suggest­
ing a collapse of the network structure. With pressure increasing beyond 
5 GPa a gradual increase in the coordination number n¯O is observed, reaching Ge 
4.9(1) at 9.0(5) GPa. At 14(1) GPa the Ge-O coordination number reaches 
5.5(1). There is an increase in the nearest neighbour Ge-O bond distance from 
rGeO = 1.73(2) ˚ A at 14(1) GPa as the nearest A at ambient pressure to 1.81(2) ˚
neighbour coordination shell expands to accept more O atoms. The transfor­
mation in GeO2 glass appears to be continuous, i.e. there is no evidence for a 
sharp transition between the ambient pressure and denser high pressure phases 
that would be indicative of a 1st order polyamorphic phase transition. 
The total structure factor measurements obtained from the D4C instrument 
are of suitable calibre to enable future application of the method of isotopic 
substitution in neutron diﬀraction to measure the partial structure factors of 
liquid and glassy materials at pressures up to 8 GPa. Diﬀerence functions may 
also be obtained by combining the results of in situ neutron diﬀraction with 
those obtained from in situ x-ray diﬀraction. The interpretation of the results 
would beneﬁt from future molecular dynamics simulations. Further neutron 
diﬀraction measurements could also be made between 9 and 15 GPa in order 
to fully investigate the transformation of GeO2 glass to the octahedral form 
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